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Abstract 
 
Sediment routing in gravel-bed rivers refers to the intermittent transport and storage of 
bedload particles, where short-duration steps are separated by periods of inactivity. 
Channel morphology governs sediment routing, but morphologic effects on routing in 
headwater systems are not well understood compared to lowland systems. RFID tracers 
are a valuable tool that can be employed to characterize routing processes in 
headwater channels through individual particle tracking. I present research on coarse 
sediment transport and dispersion through confluences using sediment tracers in the 
East Fork Bitterroot River basin, MT. I investigate the following questions: (1) How do 
sediment routing patterns through headwater confluences compare to those in low-
gradient gravel bed river systems? (2) How does routing through confluences compare 
with theory and field analysis regarding dispersive behavior in non-confluence channel 
morphologies? I address these questions with tracer displacement data, topographic 
surveys, and flow measurements through two coarse-bedded headwater 
confluences.  Within the confluence zone, transport occurs along scour hole margins in 
narrow, efficient transport corridors. Bedload transport is size-dependent in the plane-
bed control reach, but not for tracers moving through the confluence zone. At the reach 
scale, data suggest that particle dispersion is enhanced through confluences relative to 
non-confluence channels. These results suggest that geomorphically-significant 
confluences may influence the dispersive evolution of bedload particles across 
headwater basins. 
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INTRODUCTION 1 
 2 
Rivers act as conveyor belts that move water and sediment through their respective 3 
catchments, linking terrestrial and marine environments. Geomorphic processes 4 
responsible for storing and transporting sediment have been researched over a range of 5 
spatial scales, from bulk denudation and erosion-driven uplift (e.g. Molnar and England, 6 
1990; Whipple et al., 1999; Whipple, 2009) to particle-specific motion and patch-scale 7 
bed evolution (e.g. Hassan et al., 1991; Lenzi et al., 2006; Scheingross et al., 2013). 8 
Linking small-scale physical processes to large-scale basin evolution requires 9 
understanding of these individual factors and a means to accurately predict their 10 
cumulative impacts across scales. Because only a fraction of eroded sediment will 11 
progress to a given basin outlet over short to intermediate time scales (Walling, 1983), 12 
identifying locations that promote storage or transport and quantifying their effects at 13 
varying scales is vital (Fryirs, 2013). 14 
 15 
The purpose of this study is to investigate the influence of channel confluences on 16 
sediment transport and storage patterns. Confluences are hypothesized to promote 17 
geomorphic heterogeneity (Benda et al., 2004), and I examine them in an attempt to 18 
quantify their effect on sediment routing. I conceptually extrapolate the results herein to 19 
provide insight to the cumulative effect of confluences at larger scales, thereby relating 20 
small and large-scale geomorphic processes in fluvial landscapes. 21 
 22 
Headwater Streams: Geomorphic Characteristics and Significance 23 
 24 
Headwaters are significant sources of sediment in channel networks (Gomi and Sidle, 25 
2003), as a result of their altitude, intense local erosional processes, and high relative 26 
denudation rates (e.g. Molnar and England, 1990). Mobile sediment originating in and 27 
translating through headwater regions impacts the downstream watershed. 28 
Mountainous headwater regions have long been recognized as unique and ecologically-29 
significant (Hack and Goodlett, 1960), supporting diverse assemblages of aquatic 30 
organisms (Meyer and Wallace, 2001). In the western United States, headwater 31 
streams provide cold-water refugia for federally-listed amphibian and fish species, 32 
including threatened and endangered salmonids like the bull trout, a threatened char 33 
(Fraley and Shepard, 1989). Despite the geomorphic and ecological importance of 34 
headwater streams, research in headwater regions has until recently been limited (Gomi 35 
et al., 2002).  36 
 37 
Headwater regions are typified by higher relief and steeper channels than their lowland 38 
counterparts, and are sensitive to forcing by hillslope processes and land-use change 39 
(Montgomery and Buffington, 1997; Prosser et al., 2001; Brooks and Brierley, 2000; 40 
Karr and Chu, 1999). Mechanisms of sediment delivery can be steady, such as soil 41 
creep (Benda and Dunne, 1997; Roering et al., 2001), bioturbation (e.g. tree-throw, 42 
animal burrowing), and dry ravel (Gabet, 2003), or episodic, such as debris flows, which 43 
introduce disproportionately large amounts of sediment to streams (Benda and Dunne, 44 
1997). These events often correlate with surficial disturbances like wildfire, which 45 
reduces the stabilizing influence of vegetation (Gabet and Bookter, 2008; Goode et al., 46 
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2012), and intense precipitation (Cannon et al., 2003; Roering and Gerber, 2005; Stock 47 
and Dietrich, 2006). When large volumes of sediment are quickly evacuated, some 48 
fraction is stored within the valley network and later removed by fluvial processes or 49 
erosive debris flows (Lancaster and Casebeer, 2007). Removal can occur at varying 50 
rates, as a translating bedload wave or as a dispersive process (Lisle et al., 2001). Bed 51 
slopes in headwater reaches, which typically range from 1-20%, force a variety of 52 
morphologic states, from steep colluvial and cascade channels to pool-riffle forms 53 
(Figure 1; Montgomery and Buffington, 1997). Headwater channels may also feature 54 
significant roughness elements in the form of boulders and woody debris (Ghilardi et al., 55 
2014). Changes in sediment supply have the potential to alter channel morphologies by 56 
changing bedform, grainsize, and slope characteristics. 57 
 58 
 59 
Figure 1: Channel morphologies typical in headwater streams (modified from Montgomery and Buffington, 60 
1997). 61 
 62 
Sediment Routing and Particle Dispersion in Gravel-Bed Rivers 63 
 64 
Sediment routing is defined as the movement of sediment through channel networks, 65 
including differential particle velocities, spatiotemporal storage patterns, and path length 66 
distributions (Swanson and Fredriksen, 1982). Routing is episodic, and governs the 67 
physical evolution of alluvial rivers over time by linking flow and morphology (Church, 68 
2002; Church 2006). Myriad morphologies, turbulent flow, and complex supply regimes 69 
(e.g., Hoffman and Gabet, 2007) in headwater reaches result in transport patterns that 70 
differ from those in lowland channels (Lamb et al., 2008).  71 
 72 
One approach to characterizing sediment routing has been to treat the collective 73 
movement of sediment particles as a random walk, whereby downstream transport is 74 
represented as a series of intermittent steps and rests (Einstein, 1937). This approach 75 
has informed flume, field, and modeling studies (e.g., Bradley et al., 2010; Hubbell and 76 
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Sayre, 1964; Yang and Sayre, 1971). Sediment dispersion – the collective spreading 77 
movement of the grain size ensemble – is a one-dimensional diffusive process that 78 
distributes grains downstream (Haschenburger, 2013). Dispersion governs the 79 
spatiotemporal influence of mobile sediment on channel morphology. Various statistical 80 
distributions have been found to approximate dispersive regimes in gravel-bed rivers, 81 
including exponential (e.g., Martin et al., 2012) or gamma functions (Hassan et al.,1991; 82 
Bradley and Tucker, 2012). Many model functions may be applicable, however, 83 
because morphologic types and hydraulics can produce characteristic local dispersive 84 
regimes (Pyrce and Ashmore, 2003). Deliberate, systematic investigation into 85 
morphology-specific patterns of dispersion has recently been called for (Haschenburger, 86 
2013) and attempted, with plane-bed (Bradley and Tucker, 2012), pool-riffle (Milan, 87 
2013), and braided systems explored (Kasprak et al., 2014). Combining field data with 88 
dispersion models across the morphological spectrum of gravel-bed rivers remains an 89 
important task if basin-scale sediment routing is to be accurately incorporated into 90 
models of basin evolution. 91 
 92 
Sediment routing patterns also differ over across time scales. Nikora et al. (2002) 93 
developed a conceptual model with three spatiotemporal scales of diffusion regimes by 94 
pairing computer modeling and experimental observation. They identify anomalous 95 
diffusive patterns for bedload particles, with superdiffusion at the scale of individual to 96 
multiple steps and a transition to subdiffusion at spatiotemporal scales corresponding to 97 
multiple flood events. Limited field data set the threshold from super to subdiffusion at 98 
time and length scales of seconds and centimeters (Nikora et al., 2002). Their model 99 
was expanded by Ganti et al. (2010), who invoked the probabilistic Exner equation to 100 
find that either normal or anomalous diffusive states were possible during initial stages 101 
of particle motion. Martin et al. (2012) established the physical basis for anomalous 102 
diffusion using laboratory experiments, finding correlated grain motion and the time of 103 
rest for particles vital for determining the transition from super to subdiffusion. At 104 
Carnation Creek, British Columbia, Haschenburger (2013) noted that the shape of the 105 
distribution of path lengths continues to evolve as the extent of vertical mixing changes 106 
over time. This suggests that a threshold time may exist at the super-subdiffusive 107 
transition. Varying distributions of path lengths also suggest that different dispersion 108 
models will apply at different stages of the mixing process. 109 
 110 
Testing physical controls on dispersion will facilitate development of large-scale 111 
sediment routing models that incorporate various morphologies and a range of flood 112 
magnitudes. This may result from future identification of physical forms that serve as 113 
linkages (longitudinal, lateral, or vertical) or blockages (buffers, barriers, or blankets) for 114 
sediment transport (Fryirs, 2013), and subsequent quantification of their effects on 115 
particle dispersion.  116 
 117 
Confluences:  A Potential Control in the Fluvial System 118 
 119 
Within fluvial networks, tributary confluences form morphologically-significant nodes 120 
connecting tributary streams to one another. Each confluence represents a point-source 121 
of flow and sediment into the receiving channel, causing changes to local and large-122 
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scale morphology (Benda et al., 2004). The spatial arrangement of confluences within 123 
river basins has thus informed recent geomorphic theory in headwaters (e.g., Benda et 124 
al., 2004). Basins with a high density of streams (i.e., headwater regions) are especially 125 
sensitive to confluence effects (Benda et al., 2004). Mass-wasting events deposit 126 
sediment at confluences, immediately altering local morphology and sourcing sediment 127 
in subsequent flood events (Hoffman and Gabet, 2007). Reduced stream competence 128 
above a confluence deposit causes deposition of finer-grained material; downstream the 129 
bed aggrades and transitions to an armored, coarse surface (Figure 2). 130 
 131 
 132 
Figure 2: Confluence effects on mainstem morphology, focusing on debris flow deposition as described 133 
by the Network Dynamics Hypothesis (Benda et al., 2004). The inset shows the importance of basin 134 
shape in forcing confluence effects. 135 
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 136 
These effects may extend well beyond the confluence itself and persist for decades to 137 
centuries (Lancaster and Casebeer, 2007). Additionally, confluences can force abrupt 138 
shifts in channel morphology (Swanson and Meyer, 2014). Study of confluences in light 139 
of disturbance deposits and morphological heterogeneity has led to the “Network 140 
Dynamics Hypothesis” (Benda et al., 2004), which explores the spatial arrangement of 141 
confluences in river networks and how they affect local and non-local sediment routing. 142 
 143 
Confluences have also been considered within ecological theory. Recent “discontinuum” 144 
theories treat confluences as altering sediment supply and flow to the mainstem while 145 
considering spatial heterogeneity in channel form. Montgomery’s process domain 146 
concept emphasized unique sub-reaches within river systems that are dominated by a 147 
certain disturbance regime, resulting in a distinct pattern of channel morphologies 148 
(Montgomery, 1999). Rice et al. (2001) found that the introduction of water and 149 
sediment at tributary junctions causes adjustments in various habitat metrics and drives 150 
longitudinal distributions of many aquatic organisms. Areas within the river network 151 
prone to disturbance effects, like confluences, retain habitat heterogeneity for a long 152 
time (Gomi and Sidle, 2003). This can prove beneficial for certain aquatic species: bull 153 
trout abundance is shown to be maximized when large accumulations of woody debris 154 
and deep scour holes are present (Rich et al., 2003). 155 
 156 
While disturbance-derived sediment dynamics are important over longer timescales, 157 
and dominate in certain systems (Benda and Dunne, 1997), the degree to which such 158 
events occur varies both spatially and temporally – many confluences are unaffected by 159 
such deposits at any given time. In this case, sediment transport is governed by 160 
morphology and flow conditions typical of gravel-bed rivers. Consideration of sediment 161 
routing through confluences in this physical state is largely absent from the 162 
geomorphological literature. This ‘typical’ confluence morphology (Figure 3), rather than 163 
expressing recent disturbance events, reflects the present variation in hydraulic forcing 164 
(Richards, 1980) and sediment supply and produces several distinct bedforms (Mosley, 165 
1976; Ashmore and Parker, 1983). One example is a scour hole below the point of flow 166 
convergence (Roy and Bergeron, 1990). The angle of incidence between mainstem and 167 
tributary streams affects scour, because a degree of flow penetration is required to 168 
create the flow structures necessary for scour formation (Figure 3). Scour infilling has 169 
been known to occur when large roughness like boulders occur (Roy et al., 1988). The 170 
scour hole is flanked by sloping mouth-bars (from each tributary) with steep avalanche 171 
facies, aligned with the upstream junction corner, and bordered by bank-attached 172 
depositional bars (Best 1988; Rhoads et al., 2009). Flow stagnation and reduced 173 
sediment transport occurs at the upstream junction of the confluence (Best, 1988), and 174 
a zone of flow separation forms when the angle between tributary and mainstem 175 
(junction angle, ϴ) is sufficiently large, typically 10-15 degrees or greater. Work in 176 
lower-gradient gravel-bed rivers has illuminated the effect of ϴ, bed discordance (zd), 177 
discharge ratio (Qr), and upstream planform in altering the depth of the central scour, 178 
the propagation of tributary-mouth bars, and extent of flow stagnation and separation 179 
(Best, 1987; Biron et al., 1996; Boyer et al., 2006; Constantinescu et al., 2012; Ribeiro 180 
et al., 2012; Rhoads and Sukholodov, 2004).  181 
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 182 
 183 
 184 
Figure 3: Flow (top left) and morphology (bottom left) in a gravel-bed confluence (after Best, 1987). Key 185 
variables influencing hydraulics and morphology are discharge ratio, junction angle, bed discordance, and 186 
upstream planform geometry (not pictured). 187 
 188 
Compared to research on the temporal evolution of gravel-bed confluences, sediment 189 
transport through confluences has received less study. Best (1988) found that painted 190 
bedload particles remained segregated by contributing stream, with particles moving 191 
along the edges of the scour hole. Lateral mixing of sediment was limited and the two 192 
particle populations remained largely separate downstream of the confluence. 193 
Segregation increased with increasing discharge ratio. Roy et al. (1990) observed tracer 194 
motion through the scour hole, with little segregation, in a coarser gravel-bed system 195 
with minimal confluence scour. Research into confluence flow dynamics has been 196 
paired with particle transport patterns (e.g., Boyer et al., 2006), but in a qualitative 197 
manner. Study of particle-specific transport characteristics (e.g., incipient motion, lateral 198 
and longitudinal transport patterns, depositional patterns) is rare in gravel-bed 199 
confluences, likely owing to the difficulty of running tracer experiments in deep water 200 
and the remote character of many low-order streams (Roy and Bergeron, 1990).  201 
 202 
Research Objectives 203 
 204 
Previous research on confluences in headwater regions has focused on their influence 205 
as storage locations for disturbance-derived sediment deposits (e.g., Benda et al., 206 
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2004) and as locations of morphological and biological diversity (e.g., Rice et al., 2001). 207 
Gravel-bed confluences have not been investigated with respect to sediment dispersion 208 
and routing in undisturbed bed and flow conditions. I conducted this research with the 209 
intent of addressing sediment routing through headwater channel confluences, and did 210 
so in the context of two questions: 211 
 212 
1). How do sediment routing patterns through headwater confluences compare to those 213 
in low-gradient gravel bed river systems? 214 
 215 
2). How does routing through confluences compare with theory and field analysis 216 
regarding dispersive behavior in non-confluence channel morphologies? 217 
 218 
I address these questions with a tracer experiment through two headwater confluences 219 
and a non-confluence control reach. I also employ repeat bed surveys and flow 220 
measurements to characterize the interactions between morphology, hydraulics, and 221 
sediment transport. I demonstrate the utility of passive-integrated transponder (PIT) 222 
tags for characterizing transport paths and the relationship between mobile bedload 223 
particles and confluence morphodynamics. I also show the usefulness of combining 224 
tracer data with models of sediment transport and dispersion and consider my results at 225 
larger spatial and temporal scales. These findings are applicable to large-scale 226 
sediment transport modeling, geomorphic change studies in headwater reaches, gravel-227 
bed river restoration, and ecological conservation efforts. 228 
 229 
METHODS 230 
 231 
Study area 232 
 233 
I target a system that contains coarse, gravel-bed confluences through which sediment 234 
transport is driven by a flow-dominated morphodynamic regime rather than by recent 235 
disturbances. I deploy tracers in the Bitterroot River basin of western Montana (Figure 236 
4). This site is located at the juncture between the Sapphire Mountains and Pintler 237 
Range, with Martin Creek and the East Fork Bitterroot (EFB) draining 147 km2 and 151 238 
km2, respectively. Elevation of the study basin ranges from 1584 m at the Martin-East 239 
Fork confluence to 2895 m at West Pintler Peak. Sediment supplied to channels is 240 
eroded from metasedimentary Belt Supergroup and Idaho Batholith sources. The 241 
sediment mixture is comprised of quartzite, argillite, siltite, and feldspathic granitic rock. 242 
Annual precipitation is about 63.5 cm, as derived from a Western Regional Climate 243 
Center Remote Automated Weather Station (WRCC RAWS) at Tepee Point, 1.4 244 
kilometers from the study confluences (http://www.raws.dri.edu/-index.html). Runoff is 245 
dominated by spring snowmelt, with high flows typically occurring between April and 246 
July. Convective summer storms are common, and can provide sufficient discharge to 247 
mobilize the bed. 248 
 249 
The study confluences are suitable for addressing my research questions because of 250 
their accessibility, size – wadeable at most flows – and lack of human alteration. 251 
Upstream basin area is mostly federally-designated Wilderness or Roadless areas, and 252 
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logging in the vicinity of my study reach is limited. The study confluences are suitable 253 
for addressing my research questions because of their accessibility, size – wadeable at 254 
most flows – and lack of human alteration. Upstream basin area is mostly federally-255 
designated Wilderness or Roadless areas, and logging in the vicinity of my study reach 256 
is limited. Road influences such as riprap or other impingement on the streams are 257 
absent. This lends confidence that sediment sources and transport characteristics within 258 
the study reach are relatively typical for the region. The study basin is representative of 259 
typical mountain headwaters where confluence morphology and sediment transport are 260 
guided by fluvial processes, and lack large, disturbance-derived debris flow deposits.  261 
 262 
 263 
Figure 4: Study area within the East Fork Bitterroot River’s headwaters. My study confluences and control 264 
reach are outlined in yellow, with individual seed reaches outlined in red.  265 
 266 
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The study site encapsulates two tributary confluences – the joining of Moose Creek to 267 
Martin Creek and, 1 km downstream, the merging of Martin Creek with the East Fork 268 
Bitterroot. These are herein referred to as the upper and lower confluences, 269 
respectively. Between the study confluences is a control reach. The control reach is 270 
comprised of a plane-bed with occasional roughness elements in the form of boulders. 271 
Channel slopes, dimensions, grain sizes, and confluence characteristics are shown in 272 
Table 1. Upper confluence discharge is approximately half of that in the lower 273 
confluence. Depositional bars are present behind large flow obstructions (logs, large 274 
boulders) and as bank-attached bedforms with smaller D50 values, including sand 275 
deposits in the lee of large boulders.  276 
 277 
 278 
Figure 5: (A) The Moose-Martin (upper) confluence, with Martin Creek on the left and Moose Creek on the 279 
right. (B) The control reach is a plane-bed morphology and does not contain a confluence. (C) The 280 
Martin-EFB (lower) confluence, with Martin Creek on the left and EFB on the right. Flow into the lower 281 
confluence from Martin Creek is the same discharge as downstream of the upper confluence and the 282 
control reach. 283 
 284 
Channel Surveying 285 
 286 
I conducted repeat surveys to identify confluence bedforms and quantify geomorphic 287 
change (Appendix A) occurring over the period of study. These data were paired with 288 
observed tracer transport and storage characteristics to evaluate sediment routing in my 289 
study reaches. I surveyed topography using a Leica TS06 total station during the initial 290 
tracer deployment (March 2014) and the summer (July-September) recovery campaign. 291 
Within each study reach, topographic surveys began with cross-sections perpendicular 292 
to the flow direction at the location of pressure transducers that I placed to measure 293 
flow. These cross-sections formed the basis for incipient motion estimates, averaged for 294 
each of the five “seed reaches” in which I placed tracers. During the initial survey 295 
period, March-April 2014, abnormally deep snowpack made surveying difficult.  296 
 297 
I surveyed bed topography with ~ 1500 gridded points at 20 to 50 cm spacing, sufficient 298 
to create digital elevation maps (DEMs) at each reach. This spacing was chosen to be 299 
large enough to avoid a sampling density comparable to the size of individual grains. I 300 
surveyed from the upstream extent of tracer particles to a point between 15-30 m 301 
downstream of the confluence, depending on the size of the stream. Larger reaches 302 
required higher point counts to adequately cover the reach. Surveying occurred from the 303 
upstream extent the seed reach to beyond the point of flow convergence, 10 to 20 m 304 
downstream of the lower junction corner, depending on the size of the confluence. 305 
During the summer recovery period, I surveyed bedform extents (e.g., scour hole, 306 
10 
 
mouth bar) with a Trimble GEOXH 6000 GPS unit to aid in the production of a bedform 307 
patch map. The gridded nature of these bed topography measurements ensures that 308 
cross-sections can be exported as DEMs for use in estimating discharge, shear stress, 309 
or other metrics. To characterize grain size distributions, I employed pebble counts 310 
using a random walk, with approximately 200 grains sampled at each seed reach. 311 
 312 
Table 1: Geometric and grain-size characteristics of the bed at each study reach. Width and depth values 313 
are at bankfull along the cross-sections taken at each location. Upper and lower confluences reaches are 314 
denoted with (U) and (L), respectively. 315 
Study Reach S 
Width 
(m) 
Depth 
(m) 
D50 
(m) 
D84 
(m) 
Qr (avg) ϴ 
zd 
(m) 
Moose Creek (U) 0.018 10.9 0.76 0.052 0.101 
0.63 86° 0.16 
Martin Creek (U) 0.029 7.41 0.94 0.064 0.147 
Control Reach 0.016 14.8 0.78 0.057 0.125 – – – 
Martin Creek (L) 0.017 14.7 0.80 0.068 0.117 
0.45 81° 0 
East Fk. Bitterroot (L) 0.016 15.7 1.03 0.069 0.137 
 316 
Streamflow Measurements 317 
 318 
I installed five HOBO U20 water level loggers to measure stage, with the aim of 319 
characterizing flow and estimating the length of time during which my tracers were 320 
mobile. I deployed one transducer at each study reach, totaling two at each confluence 321 
and a single unit installed at the control reach. The transducers were encased in PVC 322 
stilling wells and secured to a vertical piece of rebar driven into the streambed. I placed 323 
each transducer along a surveyed cross-section of the bed at each of the five seed 324 
reaches. I also deployed an additional barometric pressure transducer above the water 325 
level to measure air pressure. I returned to the study site 5 times during May and June, 326 
2014, to measure water surface elevations for later calibration. 327 
 328 
Tracer Preparation  329 
 330 
I collected gravel and cobble particles from Moose Creek in January, 2014 for tagging. 331 
The collection site – 150 m upstream of the Moose Creek seed reach – is not close 332 
enough to alter hydraulics or sediment supply to the upstream confluence. Using a 1-hp 333 
drill press, I created holes 7 mm wide by 30 mm long using a 5/16-inch diamond-tipped 334 
drill bit. The diamond-tipped drill bits wear out after 12-15 clasts, a testament to the 335 
hardness of the rocks present in the study area. Tracer particles used were larger than 336 
the bed D50, as particles with b-axis below 45 millimeters often fractured during drilling. I 337 
mostly tagged 70 to 110 mm clasts, though I also tagged some particles on either side 338 
of that range (Figure 6). This approximately represents the D37 to D70 size fraction; 339 
representative of the coarser fraction of mobile bedload particles. The ensuing analyses 340 
in this work are thus representative of coarse bedload particles, and do not apply for the 341 
entire mobile bedload fraction in this system. Analysis of this fraction is not uncommon 342 
in sediment routing studies, as coarse gravel and cobbles are structurally-important for 343 
determining channel form and influence the transport of smaller grains (Bradley and 344 
Tucker, 2012). 345 
 346 
11 
 
 347 
Figure 6: Grain size distribution of tagged tracers (red) as compared to the streambed (black) composite 348 
over all study sites. 349 
 350 
The passive-integrated transponder (PIT) tags used in this study are a mixed 351 
assemblage of 12 mm and 23 mm half-duplex, read-only tags. Each tag is comprised of 352 
a glass capsule containing an encapsulated pulse transponder that emits a unique 353 
identification code when activated (Lamarre et al., 2008). By deploying a reading unit 354 
and control unit, an electromagnetic signal can be emitted that briefly powers the 355 
passive transponder, which then transmits its unique identification code. I used a 0.50 m 356 
loop antenna that can be moved around the study reaches to detect tracer locations and 357 
measure particle displacement.  358 
 359 
 360 
Figure 7: PIT tag inserted in a cobble clast (from Líebault et al. 2012).  361 
 362 
Inserted PIT tags were sealed in tracer particles with marine epoxy (Figure 7). 363 
Afterwards, the tags were activated using a loop antenna and the identity and size of 364 
each rock recorded. Previous studies have found post-drilling density differences to be 365 
small for similar rock types (3-5%; Líebault et al., 2012), so I did not consider the 366 
density differences post-implantation in this study. In all, 428 cobble and gravel tracers 367 
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were prepared for deposition into the three study reaches, falling within a typical range 368 
for PIT-tag tracer studies (Table B3, Appendix B).  369 
 370 
Tracer Deployment and Recovery 371 
 372 
I installed the PIT-tagged tracers before the onset of the spring snowmelt, in late March 373 
and early April 2014. In the upper (Moose-Martin) confluence, I planted 65 and 62 RFID 374 
tracers, respectively. The control reach received 97 tagged tracers. In the lower (Martin-375 
East Fork) confluence, I planted 103 and 101 tagged tracers, respectively. My seeding 376 
method emulated that employed by Ferguson and Wathen (1998): particles were 377 
seeded loosely on the bed surface near the channel thalweg in a random grid, so the 378 
tracers were most likely to move to natural positions from which further dispersion can 379 
be monitored. This maximizes the likelihood of a large number of particles being 380 
mobilized. Additionally, a sparse grid helps avoid disturbance to the bed and flow field 381 
(Bradley and Tucker, 2012) while simultaneously avoiding “confusing” the PIT tag 382 
detection equipment, which encounters issues when dealing with clusters of particles 383 
(Chapuis et al., 2014). 384 
 385 
The gridded surface ranged from 4-7 m wide, depending on channel dimensions. I 386 
attempted to deploy PIT-tagged tracers at equal distances upstream from the 387 
confluence junction in each tributary. These distances were chosen to increase the 388 
odds of particles routing through the confluences. I recorded initial tracer positions using 389 
the Leica total station. 390 
 391 
 392 
Figure 8: Tracer recovery in the upper confluence: (a) one member mans the loop antenna, reflector 393 
prism, and manages the logbook. (b) The second member operates the total station and snorkel surveys. 394 
 395 
Field recovery campaigns took place after the spring flood had receded, once the 396 
streams were small enough to safely wade with survey equipment. The study reaches 397 
were too dangerous to safely enter during high flows. Teams of two worked in concert to 398 
record tracer locations (Figure 8). The first member scanned the bed with the loop 399 
antenna and backpack reader. Once a tracer was located, the loop antenna was 400 
brought towards its detection field from all directions. This helps to identify other tracers 401 
in a cluster by reading different tags first, depending on the direction the cluster is 402 
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approached. In doing so I was successful in identifying groups of tracers that would 403 
have been incompletely surveyed with only a single pass-over. The second team 404 
member recorded each tracer’s position using the total station, which was located to 405 
give a complete view of both tributaries and the post-confluence reach for 50-100 m. I 406 
also employed a snorkel survey to identify if tracers were buried in or exposed on the 407 
bed, as well as to determine how many tracers were visible in a cluster. Visible tracers 408 
were occasionally surrounded by other tracers in shallow pockets, and had to be 409 
removed, recorded, and precisely relocated to their original position using the snorkel 410 
mask. At all sites, scanning with the loop antenna was undertaken for 200 m 411 
downstream of the last detected particle to try to limit omission of any far-traveling 412 
tracers, which have an important effect on the tail character of path length distributions. 413 
The location of tracers that traveled beyond the sight of the total station was recorded 414 
with the Trimble GEOXH 6000 GPS. Not counting visual identification, field studies have 415 
estimated detection distances for single tracers deposited on a bed surface between 416 
0.25 and 0.5 m (Bradley and Tucker, 2012; Líebault et al., 2012). 417 
 418 
Both the total station and loop antenna introduce error in measurements of tracer 419 
position and travel distance. Individual measurements for the total station have an 420 
inherent uncertainty of + 0.10 m. The detection range for the loop antenna differs based 421 
on the orientation of the PIT tag relative to that of the loop. Lamarre et al. (2005) 422 
identified horizontal and vertical detection ranges at 0.35 and 0.5 m, respectively, and 423 
Bradley and Tucker (2012) record a horizontal range of 0.25 m. Chapuis et al. (2014) 424 
achieved detection ranges around 0.38 and 0.7 m, though that distance correlates 425 
optimal orientation of the tag relative to the antenna. Burial by sediment has not been 426 
shown to adversely affect detection unless it exceeds the detection range of the 427 
antenna (Chapuis et al., 2014). The most uncertain tracer position is that of a solitary, 428 
buried tracer, which is not visible via snorkel survey and has the largest detection radius 429 
– clusters of buried tracers have reduced detection ranges via tag interference. I 430 
oriented the antenna parallel to the surface of the bed, at a height of about 0.1 to 0.2 m 431 
(after Chapuis et al., 2015). I avoided the problem of compounded error by not 432 
relocating the survey station for study reaches. Combined with the detection error using 433 
the antenna (for buried tracers), I estimate the positional error for buried tracers at 0.5 434 
m, and 0.1 m for visible ones. This is reflected in my designation of immobile tracers as 435 
ones that moved less than 1 m. 436 
 437 
Analyses 438 
 439 
I conducted a suite of analyses to evaluate how dispersive particle displacement 440 
through confluences compares to that of the control reach. I assess scaled transport 441 
and tail character, stochastic sediment transport models, and a dimensionless impulse 442 
(I*) with the goal of evaluating and comparing dispersive regimes present at my study 443 
site. 444 
 445 
Modal Transport and Tail Analysis 446 
I applied a scaling technique that normalizes modal displacement of individual particles 447 
(Xi/Di) – individual tracer travel distances (Xi) divided by grain-size (Di) –against the 448 
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tracer population’s modal displacement (X50/D50t), using the population’s median travel 449 
and grain-sizes. This value, which I refer to as the normalized transport distance, Xn, is 450 
useful for assessing how many tracers travel proportionally long distances, and provides 451 
insight to tracer dispersive regimes. I also investigate size-selective transport by plotting 452 
scaled travel distance (L*, Li/L50) against scaled tracer size (D*, Di/D50) for 10 mm 453 
subsets of tracer sizes, where Di is the median grain size for each subset and D50 the 454 
median grain size of the bed. I compare these data against an empirical, size-455 
dependent transport relationship developed in gravel-bed rivers (Church and Hassan, 456 
1992): 457 
 458 
𝑙𝑜𝑔 𝐿∗ = 0.232 + 1.35𝑙𝑜𝑔(1 − 𝑙𝑜𝑔𝐷∗)              (1) 459 
 460 
Analyzing tail character provides a second method for assessing the evolution of 461 
sediment pulses in right-skewed statistical distributions (Hassan et al., 2013). Heavy-462 
tailed path length distributions occur when a large proportion of particles travel relatively 463 
long distances. I analyzed cumulative exceedance distributions of tracer travel distance 464 
for each study reach to determine tail character (thin or heavy). This was achieved by 465 
measuring the rate of decay of the exceedance distribution tail, P(X>x), where X is a 466 
travel distance beyond the user-determined start of the tail, x, and heavy tailedness 467 
defined as when the log-log slope of decay (α) is less than 2 (Hassan et al., 2013). I 468 
evaluated tail slope decay starting from a series of point locations above the 75th 469 
percentile tracer transport distance.  470 
 471 
Stochastic Sediment Transport Modelling 472 
To aid in determining whether confluence reaches differed in routing patterns from the 473 
control reach, I tested the applicability of mathematical models that approximate the 474 
distribution of tracer displacements against my field data (Hassan et al., 1991; Bradley 475 
and Tucker, 2012, Haschenburger, 2013).These models consider travel distance as a 476 
random variable and predict a one-dimensional concentration of step length 477 
distributions by simplifying the analysis to a set of binned distance values. These 478 
formulations are commonly employed in large-scale models of sediment routing.  479 
 480 
I evaluated the applicability of two such models, the Einstein-Hubbel-Sayre model 481 
(EHS; Hubbel and Sayre, 1964, Bradley and Tucker, 2012) and the Gamma-482 
Exponential model (GEM; Yang and Sayre, 1971), to describe confluence routing. 483 
These models were chosen because the EHS and GEM functions used to fit step length 484 
probabilities have been confirmed previously for a similar plane-bed reach (Bradley and 485 
Tucker, 2012). The primary difference between these two models is whether or not the 486 
distribution of step lengths monotonically decreases (EHS) or not (GEM). If the best-fit 487 
model used or quality of model fit differs significantly between confluence and non-488 
confluence reaches, it provides evidence of a different routing regime. Additional model 489 
background is provided in Appendix C.  490 
 491 
These models require a conversion from Cartesian (XY) to streamwise (sn) spatial 492 
coordinates, where s denotes downstream distance along the thalweg and n denotes 493 
lateral distance from the thalweg. I employed this conversion by digitizing a thalweg 494 
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based on field observations and using free conversion code in MATLAB, analogous to 495 
the approach of Legleiter and Kyriakidis (2006). I created bins of travel distances by 496 
dividing the maximum transport distance into 20 equal-width units. Bin centers provide 497 
the points where the models estimate proportional tracer deposition. Other model inputs 498 
were average travel distance (1/k1), resting time (1/k2), and dispersion time (t), using 499 
two estimates of Shields number (Mueller et al., 2005; Recking, 2013), described below. 500 
The dispersion time input is analogous to the time when flow discharge is above the 501 
threshold for particle motion (Bradley and Tucker, 2012).  I compared my model outputs 502 
to field data of tracer proportions in each bin, and ranked model fits based on their R2 503 
value, which Bradley and Tucker (2012) found weighed all parts of the travel 504 
distributions equally and was more desirable than a chi-square test.   505 
 506 
Incipient Motion and Dimensionless Impulse 507 
I also analyzed tracer data with respect to a cumulative dimensionless impulse, I* 508 
(Equation 7; Phillips et al., 2013). I* allows for a fluid momentum conservation approach 509 
to analyze long-term tracer displacement data, and was developed to allow for pairing 510 
such data with simple flow and bed measurements. I build on Phillips et al. (2013) by 511 
using I* to compare sediment routing patterns between confluences and the plane-bed 512 
morphology of my control reach. 513 
 514 
I first estimated a range of critical Shields numbers (𝜏𝑐
∗
) for my five seed reaches. The 515 
Shields number is a non-dimensional shear stress associated with incipient motion of 516 
particles in a flow. As I lacked the equipment to measure incipient motion in the field, I 517 
instead estimated Shields number using empirically-derived equations from similar 518 
gravel-bed systems. For the first estimate, I use Mueller et al.’s (2005) relation for steep 519 
gravel and cobble-bed rivers: 520 
 521 
𝜏𝑐,𝑀𝑢𝑒𝑙𝑙𝑒𝑟 
∗ ≈ 𝜏𝑟
∗   =  2.18𝑆 + 0.021              (2) 522 
 523 
where S is slope, as surveyed for each of the study reaches (Table 1), and 𝜏𝑟
∗ is a 524 
reference shear stress, which I assume is similar to  𝜏𝑐
∗
 (after Mueller et al., 2005). The 525 
river in Mueller et al.’s study, Halfmoon Creek, is similar to my study site with respect to 526 
channel dimensions, critical discharge, hydrology, elevation, and bed sediment 527 
characteristics.  528 
 529 
Next, I use Recking’s (2013) equation for 𝜏𝑐
∗
, which was empirically developed using 530 
field data from gravel-bed transport studies in mountainous regions. In this approach, 531 
the mobility shear stress 𝜏𝑚
∗
 can be calculated using slope and grain size data. As with 532 
(2), I assume the mobility shear stress to approximate critical Shields number (after 533 
Recking, 2013): 534 
 535 
𝜏𝑐,𝑅𝑒𝑐𝑘𝑖𝑛𝑔
∗ ≈ 𝜏𝑚
∗  = (5𝑆 + 0.06)(
𝐷84
𝐷50
)4.4√𝑆−1.5         (3) 536 
 537 
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where D84 is the 84
th percentile grain size. These two estimates for 𝜏𝑐
∗
 were paired with 538 
stage data to estimate the cumulative duration of flow above the threshold of motion, a 539 
value that varies in time and space and is therefore difficult to measure directly (Charru 540 
et al., 2004). To do this, I first related my 𝜏𝑐
∗
 estimates to bed shear stresses for each 541 
seed reach, from which I back-calculated a critical hydraulic radius (Rc) associated with 542 
the mobilization of the tracer particles:  543 
 544 
𝜏𝑐
∗ =  
𝜌𝑔𝑅𝑐𝑆
((𝜌𝑠−𝜌𝑤)𝑔𝐷50)
     (4) 545 
 546 
where ρs is the bulk density of sediment (we used a value of 2,650 kg/m
3), ρw the 547 
density of water (1,000 kg/m3), and g the gravitational acceleration (m2/s). I use Rc to 548 
estimate the critical shear velocity (Uc
*), a measure of shear stress (m/s): 549 
 550 
𝑈𝑐
∗ = (𝑔𝑅𝑐𝑆)
0.5             (5) 551 
  552 
Flume studies have identified that a mobilized sediment particle shows a step length 553 
that is proportional to excess shear velocity, U*e (Lajeunesse et al., 2010; Martin et al., 554 
2012), which is the difference between the shear velocity (U*) and the critical shear 555 
velocity (Uc
*) associated with initial motion of bed particles: 556 
 557 
𝑈𝑒
∗ = (𝑈∗ −  𝑈𝑐
∗)          (6) 558 
 559 
At each seed reach, I identify the depth at each reach’s pressure transducer (hc) that 560 
pairs with the critical hydraulic radius for initiating sediment motion (Figure 9).  561 
 562 
 563 
Figure 9: Visual interpretation of the impulse (I*, top) as calculated from a flow hydrograph derived from 564 
pressure transducers. The stage above the transducer is used to estimate when thalweg flow depths 565 
exceed the critical value. 566 
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 567 
I was thus able to use stage data to estimate channel-averaged shear velocity values at 568 
all times during the 2014 hydrograph. Estimates of U*e were then integrated across the 569 
2014 hydrograph to provide the estimate of I* for both (2) and (3): 570 
  571 
𝐼∗ =  ∫
(𝑈𝑒
∗)𝑑𝑡
𝐷50
𝑡𝑓
𝑡𝑖
          (7) 572 
 573 
where ti and tf are start and end times, respectively, for flow above the critical threshold. 574 
I* can thus be considered as a kind of transport length associated with flow conditions. 575 
Because (7) is restricted only to flow above the threshold of sediment motion, I* limits 576 
the frequency-magnitude distribution of U* to conditions relevant to sediment transport 577 
and only considers the momentum excess imparted by the flow on sediment particles 578 
(Figure 9). This assumes a constant U*c for a given field site (after Phillips et al., 2013). 579 
 580 
RESULTS 581 
 582 
Hydrology 583 
 584 
Flow during the study period was dominated by snowmelt. Snow water equivalent at 585 
SNOTEL sites within 50 km of the study area registered above 150% of normal on 1 586 
May 2014 (http://www.wcc.nrcs.usda.gov/snow/). I estimated the peak discharge in 587 
2014 as a 3.7-year event, based on Parrett and Johnson (2004). Flow stage at all 588 
transducer locations rose sharply around May 1, peaking between May 25 and June 4, 589 
depending on the seed reach (Figure 10). Flow stage at different sites exceeded the 590 
estimated threshold of incipient motion for 8-37 (𝜏𝑐,𝑀𝑢𝑒𝑙𝑙𝑒𝑟
∗
) or 1-17 (𝜏𝑐,𝑅𝑒𝑐𝑘𝑖𝑛𝑔
∗
) 591 
days, with the lower confluence experiencing the longest duration of flow stage above 592 
the critical level.  593 
 594 
 595 
Figure 10: 2014 stage hydrograph at the East Fork Bitterroot River transducer plotted at 15-minute 596 
intervals.  597 
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 598 
Discharge ratio between tributary and mainstem streams varied differently between 599 
upper and lower confluences during the 2014 flood. At the upper confluence, Qr steadily 600 
decreased from 0.75 to 0.36, with Moose Creek returning to baseflow faster than Martin 601 
Creek. At the lower confluence, Qr stayed relatively constant between 0.4-0.5, falling off 602 
towards the end of the flood. Stage measurements at our field site illustrate that, even in 603 
a year with very high snowpack, rates of change and peak magnitude of runoff were 604 
moderate, typical of non-flashy, mountainous headwater systems in the northern Rocky 605 
Mountains. 606 
  607 
Tracer Displacement 608 
 609 
Recovery Rates and Lost Tracers 610 
I recovered of 76% of the seeded tracers, varying from 66 to 90% of seeded particles 611 
between study reaches (Table 2). Each study reach contained a small number of 612 
particles with a significant lateral component of motion, defined as 50% or more of 613 
longitudinal transport distance. Recovery was greatest within study reaches with low D84 614 
values and short transport distances: the control reach and Moose Creek reach 615 
provided recovery percentages at 80% or higher. I observed no pattern pertaining to lost 616 
tracers with regards to starting position, particle size, or lithology. The fraction of tracers 617 
mobilized ranged from 0.58 to 0.8 at different sites, with a site-averaged mobile fraction 618 
of 0.66.  619 
 620 
Table 2: Tracer recovery and transport statistics by study reach. X and σ denote average transport 621 
distance and the standard deviation, respectively. “Tot” denotes the total tracer population; “mob” is used 622 
to describe tracers moving over 0.5 m downstream. 623 
Study Reach n nrec 
Recovery 
(%) 
D50 (m) (X+ σ)tot (m) (X+ σ)mob (m) Xmax (m) 
Moose Creek (U) 65 52 80 0.077 7.39+6.64 12.6+6.11 24.5 
Martin Creek (U) 62 41 66 0.081 3.81+4.09 5.38+3.99 20.6 
Control Reach 97 87 90 0.080 4.21+5.25 6.60+5.48 22.7 
Martin Creek (L) 103 71 68 0.082 14.6+22.8 20.5+24.9 133 
East Fk. Bitterroot (L) 101 74 73 0.080 47.4+56.3 58.4+57.2 211 
 624 
Spatial Distribution 625 
Percentages of recovered tracers leaving the seed reach were similar among study 626 
sites, with 41, 39, and 50% of recovered tracers having left the seed reach (Figure 11). 627 
Particles seeded in Moose Creek constituted the majority of clasts deposited within the 628 
confluence zone – defined as between the upstream junction corner to the downstream 629 
extent of bank-attached bars. Deposition within the scour hole was segregated by 630 
contributing stream. I observed no deposition in the vicinity of the upstream confluence 631 
junction. Boulders within the confluence were observed to correlate with local tracer 632 
deposition and clustering. No particles were recovered beyond the downstream extent 633 
of the upper confluence, though I surveyed that area thoroughly. The spatial distribution 634 
of tracers in this site was thus assumed to represent the transport corridors and 635 
depositional locations occupied by coarse bedload particles routing through a 636 
confluence. 637 
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 638 
 639 
Figure 11: Tracer positions at initial installation (left) and following the 2014 flood (right) 640 
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 641 
 642 
Figure 12: Digitized patch map of confluence morphology and tracer recovery positions at the upper 643 
(Moose – Martin) confluence. Bedform boundaries are derived from post-flood topographic surveys and 644 
used to approximate boundaries between distinct morphological units. 645 
 646 
Particles recovered in the lower confluence’s seed reach largely retained the gridded 647 
arrangement of their initial positioning. A majority of clasts beyond the seed reach 648 
stranded towards river left, with two tracers stranded on the higher-elevation bar on river 649 
right. Deposition within the thalweg downstream of the seed reach is coincident with the 650 
location of large boulders. The farthest-traveling particles in the control reach stranded 651 
on a mid-channel, longitudinally-oriented bar, rather than within the thalweg.  652 
 653 
Travel distances are more evenly-distributed between contributing streams within the 654 
lower confluence than in the upper confluence. Within the confluence zone, 55% of 655 
deposited tracers came from the East Fork, with the remaining 45% from Martin Creek. 656 
Deposition within the tributary mouth bar of Martin Creek is skewed towards the 657 
downstream confluence junction corner, similar to what I observed at the upper 658 
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confluence (Figure 12). Transport is again segregated, with each bar containing 659 
stranded particles from only the nearest tributary. Many particles from the East Fork 660 
remained stranded at the upstream junction corner, their initial seed location (Figure 661 
11). Deposition within the scour hole was similar to that of the upper confluence, with 662 
East Fork-derived tracer particles stranded along the river-left side of the scour, and 663 
Martin-derived particles on river-right. Similar to the upper confluence, large boulders 664 
were effective in trapping mobile tracer particles. Of the recovered tracers in the entire 665 
lower confluence, 23% left the confluence zone completely, with 58% of post-666 
confluence tracers originating in the East Fork and 42% from Martin Creek. Recovered 667 
particles downstream of the lower confluence cease to be segregated after about 30 m. 668 
Overall, the majority of particles recovered were found within the seed reach, 669 
confluence bed, and beyond the confluence zone (Figure 13).  670 
 671 
 672 
Figure 13: Size distributions of deposited particle tracers within the (A) upper (Moose – Martin) and (B) 673 
lower (Martin – East Fork) confluences by depositional location.  674 
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 675 
Effects on Transport Distance 676 
I did not observe a major difference in transport distance between large and small tracer 677 
particles at the upper confluence, though size-selective transport emerged at the control 678 
reach and, to a lesser extent, the lower confluence (Figure 14). At some reaches, the 679 
farthest-traveling tracer particles were approximately the tracer population’s median 680 
size; at the upper confluence, seven of the ten farthest-traveling tracers had b-axes 681 
above the reach median.  682 
 683 
Figure 14: Travel distance plotted as a function of grain size for (A) the upper confluence, (B) the control 684 
reach, and (C) the lower confluence.  685 
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 686 
Tracer transport data collapse onto Church and Hassan’s empirical relationship for size-687 
dependent transport (Equation 1) at the control reach (Figure 15). The largest residual 688 
for the control reach relative to the Church and Hassan curve occurred for the two 689 
smallest grain size bins, which experienced shorter transport distances than what would 690 
be expected from Equation 1. The two confluence sites showed worse agreement to the 691 
empirical curve of Church and Hassan. The upper confluence shows equal transport 692 
distances across all grain size bins, while the lower confluence data show a peak in 693 
mobility for particle sizes around the tracer median. Small tracers at the lower 694 
confluence traveled shorter downstream distances than predicted by the relation, similar 695 
to what occurred at the control reach. 696 
 697 
 698 
Figure 15: Church and Hassan’s (1992) relationship (Equation 1) between scaled travel distance (L*) and 699 
scaled particle size (D*) during the 2014 hydrograph. L* and D* are scaled by median L and D values for 700 
each tracer sub-population. Both the upper and lower confluence reaches are combined into a single 701 
population. 702 
 703 
Particles seeded near the channel thalweg differed overall from those placed along the 704 
margin, though the difference varied between study reaches. In the upper confluence, 705 
transport distances in either reach were similar between thalweg and margin-seeded 706 
tracer particles (Figure 16). In the control reach, mean thalweg distance more than 707 
doubled that from the margins, with values of 6.5 and 3.1 m, respectively. In the lower 708 
confluence, both study reaches exhibited higher mean travel distances for particles 709 
starting in the channel thalweg. Using a non-parametric Mann-Whitney U-test, there 710 
was no significant difference between the average travel distances in either upper 711 
confluence reach (p>0.05). The difference between populations at the control reach was 712 
significant (p=0.0054). In the lower confluence, the Martin Creek study reach had a p-713 
value of 0.0173, and the East Fork reach was insignificant. 714 
 715 
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 716 
 717 
Figure 16: Travel distances as a function of starting position for (A) Moose Creek, (B) Martin Creek 718 
(upper), (C) the control reach, (D) Martin Creek (lower), and (E) the East Fork Bitterroot River. 719 
  720 
Transport Analyses 721 
 722 
Tracer Dispersion  723 
At the upper confluence, mobile tracers entering the confluence zone showed a reduced 724 
probability of deposition and correspondingly greater transport distances (Figure 17A). 725 
This resulted in transport and dispersion metrics approximating that of the control reach, 726 
where particles experienced greater cumulative excess shear stresses and longer 727 
periods of time above the threshold of motion. Enhanced transport is also evident for 728 
tracers routing through the lower confluence reaches (Figure 17C). In evaluating Xn, the 729 
proportion of each reach’s tracers moving relatively long distances compared to the 730 
reach-average is greater for the lower confluence and control reach (Figure 18). Xn 731 
values are reduced for the upper confluence reaches, where the farthest-traveling 732 
particles did not distance themselves as far from the mean tracer travel distance.   733 
 734 
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 735 
Figure 17: Spatial distribution of tracer positions over time for (A) the upper confluence, (B) the control 736 
reach, and (C) the lower confluence. The confluence zones are bracketed with dotted black lines. Note 737 
the altered x-axis scale in (C).  738 
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 739 
740 
 Figure 18: Dimensionless step length distributions for the 2014 in all five study reaches. The exceedance 741 
probability on the y-axis refers to the probability that Xn will exceed a given value along the x-axis. Xn is 742 
travel distance normalized by the median value for each population, corresponding to a specific reach. 743 
 744 
Heavy-tail Analysis 745 
Moose and Martin Creeks in the upper confluence showed thin and heavy-tailed step 746 
length distributions, respectively (Figure 19). The control reach on Martin Creek was 747 
thin-tailed. At the lower confluence, Martin Creek and the East Fork Bitterroot 748 
possessed heavy and thin tails, respectively. Manual variation of break points provided 749 
the same result tail character in all cases except the East Fork Bitterroot reach, where 750 
moving the break point two points below the 75th percentile resulted in a shift from a thin 751 
to heavy tail character.  752 
 753 
 754 
Figure 19: Cumulative exceedance distributions of travel distance for the entire tracer population, colored 755 
by upper confluence, lower confluence, and control reach.  756 
 757 
Stochastic Transport Modelling 758 
The fit for the Einstein-Hubbell Sayre (EHS) and Yang-Sayre (GEM) models is similar 759 
throughout all of the study reaches except the upper confluence’s Moose Creek reach. 760 
The Yang-Sayre GEM provides the most accurate fit, with an R2 advantage ranging 761 
27 
 
from 0.01 to 0.001 at all study reaches (Table 3). Both the EHS and GEM models 762 
deliver accurate approximations of the slowest-moving tracer bins before generally 763 
overestimating the probabilities of mid-range bins and underestimating the probabilities 764 
of fast-moving bins. The greatest deviations between modeled data and field data occur 765 
at the tail end of the probability distribution, with fast-moving tracer bins under-predicted 766 
by the models compared to observed data (Figure 20).  767 
 768 
Table 3: Einstein-Hubbell-Sayre (EHS) and Yang-Sayre (GEM) model parameters and R
2
 values. Input 769 
parameters are explained in Appendix C. 770 
 EHS (Mueller) GEM (Mueller) 
Study Reach 
1/k1 
(m) 
1/k2 
(hr) 
t (hr) R
2
 1/k1 (m) 
1/k2 
(hr) 
t (hr) r R
2
 
Moose Creek (U) 3.04 200 479 0.76 2.89 213 479 1.10 0.76 
Martin Creek (U) 2.26 119 201 0.95 1.81 143 201 1.50 0.96 
Control Reach 3.27 270 354 0.95 2.62 331 354 1.50 0.96 
Martin Creek (L) 17.9 769 621 0.98 11.2 1050 621 2.20 0.98 
East Fk. Bitterroot (L) 33.5 671 950 0.97 35.2 6350 950 0.90 0.97 
 EHS (Recking) GEM (Recking) 
Study Reach 
1/k1 
(m) 
1/k2 
(hr) 
t (hr) R
2
 1/k1 (m) 
1/k2 
(hr) 
t (hr) r R
2
 
Moose Creek (U) 3.04 10.7 26.0 0.75 3.03 11.6 26.0 1.20 0.76 
Martin Creek (U) 2.26 27.0 45.5 0.95 1.87 32.2 45.5 1.50 0.96 
Control Reach 3.27 97.1 128 0.95 2.52 123 128 1.60 0.96 
Martin Creek (L) 17.9 500 113 0.98 11.2 192 113 2.20 0.98 
East Fk. Bitterroot (L) 33.5 303 426 0.97 35.2 285 426 0.90 0.97 
 771 
In the control reach, fast tracer bins have a smaller residual than in the upper 772 
confluence’s Martin Creek reach (Figure 20). Fast-moving tracer bin residuals are 773 
comparable to those from Moose Creek. Model fits in the lower confluence are better 774 
than in other reaches by a small margin (Table 3). Model approximation here is good for 775 
the slow and mid-range tracers. Fast-moving bins provide the largest residual at Martin 776 
Creek, but not at the East Fork, where tracer bins in the 50-90 m range are significantly 777 
lower than predicted using the models. In all reaches but the Martin Creek (lower), the 778 
average transport distance my field data exceeded modeled averages (Table 4). For the 779 
upper confluence and control reach, featuring smaller travel distances, the coefficient of 780 
variation (CV) from field data exceeded or approximated that of the EHS and GEM 781 
models.  782 
 783 
Table 4: Comparison of field data and model-derived tracer statistics. CV denotes the coefficient of 784 
variation. 785 
 Study Site EHS (Mueller) GEM (Mueller) 
Study Reach X σ CV X σ CV X σ CV 
Moose Creek (U) 7.54 6.43 0.85 6.65 5.74 0.86 6.78 5.84 0.86 
Martin Creek (U) 3.86 3.98 1.03 3.79 3.82 1.01 3.85 3.87 1.01 
Control Reach 4.27 5.19 1.21 4.16 4.63 1.11 4.16 4.64 1.11 
Martin Creek (L) 15.6 21.7 1.39 15.6 24.6 1.57 16.2 25.1 1.55 
East Fk. Bitterroot (L) 48.3 55.8 1.16 43.9 61.4 1.39 43.7 61.0 1.39 
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 Study Site EHS (Recking) GEM (Recking) 
Study Reach X σ CV X σ CV X σ CV 
Moose Creek (U) 7.54 6.43 0.85 6.65 5.74 0.86 6.71 5.74 0.85 
Martin Creek (U) 3.86 3.98 1.03 3.79 3.82 1.01 3.85 3.87 1.01 
Control Reach 4.27 5.19 1.21 4.16 4.63 1.11 4.17 4.63 1.11 
Martin Creek (L) 15.6 21.7 1.39 15.6 24.6 1.57 16.1 25.1 1.55 
East Fk. Bitterroot (L) 48.3 55.8 1.16 43.9 61.4 1.39 43.7 61.0 1.39 
 786 
 787 
Figure 20: Einstein-Hubbell-Sayre (EHS) and Yang-Sayre (GEM) model fits for (A) Moose Creek, (B) 788 
Martin Creek (upper), (C) the control reach, (D) Martin Creek (lower), and (E) the East Fork Bitterroot 789 
River. R
2
 fit differences between the two models were < 0.01, so I give their shared fit values here. 790 
 791 
Dimensionless Impulse and Particle Displacement  792 
My estimates of critical Shields number varied, ranging from 0.056 to 0.109 between 793 
study reaches and for the two estimation methods employed (Table 5). For all study 794 
reaches, 𝜏𝑐,𝑀𝑢𝑒𝑙𝑙𝑒𝑟
∗  fell below the 𝜏𝑐,𝑅𝑒𝑐𝑘𝑖𝑛𝑔
∗  value. The Recking approach (2010; 795 
Equation 3) resulted in a smaller impulse estimate than that of Mueller (2005; Equation 796 
2), as it predicts a higher critical Shields value and correspondingly greater critical shear 797 
velocities needed to entrain tracer particles (Table 6). The distribution of shear velocities 798 
scales with channel dimensions and peak discharge, with the upstream confluence 799 
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experiencing smaller shear velocity values than the control reach and lower confluence. 800 
As the impulse depends on the estimated threshold of motion for each study reach – 801 
itself a function of grain size and hydraulic radius – I note a trend between channel 802 
roughness and peak discharge on total impulse. The difference between Mueller and 803 
Recking impulse estimates also varies as a function of hydraulic radius. Moose Creek, 804 
for example, is wider and shallower than Martin Creek at the upper confluence, and 805 
requires a larger discharge increase to exceed the Recking threshold of motion (Figure 806 
21). This results in reach-specific variation in sensitivity to the estimation method for 807 
incipient motion.  808 
 809 
I found modal displacement (X50/D50t, denoted as <X/D>) and variance (σ
2) to conform 810 
to linear and power-law functions of I*, similar to the predictions and findings of 811 
Lajeunesse et al. (2010) and Phillips et al. (2013), respectively (Figure 22). The control 812 
reach has similar displacement but a higher impulse value than reaches at the upper 813 
confluence, giving it the highest residual from the best-fit curve in both cases. The 814 
relationships between X50/D50t and σ
2 against I* are stronger when only confluence 815 
reaches were considered.  816 
 817 
 818 
Figure 21: Magnitude-frequency distribution of shear velocity for (A) Moose Creek, (B) Martin Creek 819 
(upper), (C) the control reach, (D) Martin Creek (lower), and (E) the East Fork Bitterroot River. 820 
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Table 5: Estimated range of critical Shields number. 821 
Study Reach 𝛕𝐜,𝐌𝐮𝐞𝐥𝐥𝐞𝐫
∗  𝛕𝐜,𝐑𝐞𝐜𝐤𝐢𝐧𝐠
∗  
Moose Creek (U) 0.061 0.084 
Martin Creek (U) 0.084 0.109 
Control Reach 0.057 0.068 
Martin Creek (L) 0.057 0.086 
East Fk. Bitterroot (L) 0.056 0.074 
 822 
Table 6: Critical shear velocity (Uc*) and dimensionless impulse (I*) at each study reach. 823 
 𝛕𝐜,𝐌𝐮𝐞𝐥𝐥𝐞𝐫
∗  𝛕𝐜,𝐑𝐞𝐜𝐤𝐢𝐧𝐠
∗  
Study Reach U
*
c (m/s) I
*
 U
*
c 
(m/s) 
I
*
 
Moose Creek (U) 0.226 602000 0.266 14900 
Martin Creek (U) 0.295 310000 0.337 37600 
Control Reach 0.228 425000 0.250 88400 
Martin Creek (L) 0.250 1200000 0.310  86000 
East Fk. Bitterroot (L) 0.250 1900000 0.288 577000 
 824 
 825 
Figure 22: Linear and power-law relationships between I* and (A) <X/D> and (B) σ2. 826 
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 827 
DISCUSSION 828 
 829 
Confluence Morphodynamics  830 
 831 
RFID Particle Tracing in Confluences 832 
This study was, to date, the only research effort I am aware of involving the tracking of 833 
PIT-tagged gravel tracers through natural stream confluences, and the second PIT-tag 834 
study within a plane-bed morphology (Bradley and Tucker, 2012). This technique 835 
requires considerable preparation, but PIT tags are highly recoverable, durable, and 836 
cost-effective relative to other particle tracing methods. My recovery rates proved 837 
adequate for my analyses and compared well to other PIT-tag tracer studies: Líebault et 838 
al. (2012) obtained recovery rates between 25 and 78%, Chapuis et al. (2015) saw 10 839 
to 51% recovery, and Bradley and Tucker (2012) experienced 93-98% recovery. 840 
Furthermore, PIT-tagging allows for field-based study that addresses how individual 841 
sediment particles, of differing sizes, are routed through confluences to an extent not 842 
previously possible. Continued use of this technology will prove useful for addressing 843 
sediment transport as long as the method’s limitations are properly accounted for. 844 
 845 
Morphodynamic Controls on Confluence Morphology 846 
Both confluences exhibited simple upstream planform geometry and minimal bed 847 
discordance, so confluence morphology here primarily reflected ϴ and Qr (Rice et al., 848 
2008). The high junction angles at both of the study confluences would suggest 849 
pronounced scour depths (Mosley, 1976; Best, 1988), which is what was observed at 850 
both study confluences. The surveyed bed scour at the upper and lower confluences 851 
(0.6 and 1.4 m, respectively), falls between that of Roy and Bergeron (1990; ~0 m at 852 
ϴ=15) and Best (1988; ~2.5 m at ϴ~90). Considering the similarity in grain size and 853 
roughness between my study site and the Ruisseau du Sud (Roy and Bergeron, 1990), 854 
it seems likely that a sufficiently high junction angle overcomes roughness conditions to 855 
promote scour at coarse, gravel-bed confluences, as I observed here. My study 856 
confluences also agreed with the assertions of Best (1988) and others as to how the 857 
position and orientation of the scour hole is influenced by Qr. The increased penetration 858 
of tributary fluids at the upper confluence due to higher Qr forced the scour hole towards 859 
the middle of the confluence, as opposed to the lower confluence, where the scour was 860 
“pushed” towards Martin Creek’s inflow by greater discharge from the East Fork 861 
Bitterroot. I therefore conclude that the basic morphodynamics observed by past work 862 
as controlling the morphology of flumes and study confluences apply within my study 863 
site, despite the differences between it and other researched gravel- bed confluences. 864 
Because the plane-bed reach occurs at steeper slopes and generally closer to drainage 865 
divides than previously-studied pool-riffle reaches, this is analogous to applying 866 
confluence morphodynamic theory farther into the headwaters than previous work. 867 
 868 
Bedload Transport Paths Through Confluences 869 
Observed transport through my study confluences differed from what was initially 870 
expected – I observed deposition largely along the transport paths corresponding to 871 
those identified by past studies and related to the shear layer (e.g., Mosley, 1976; Best, 872 
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1988), with no coarse sediment being relegated to depositional bedforms. This partially 873 
agrees with patterns observed by others (e.g., Mosley, 1976; Best, 1988, Roy and 874 
Bergeron, 1990; Boyer et al., 2006), despite my study confluences residing in a steeper, 875 
more coarsely-grained river. Where finer grains have been noted to deposit along areas 876 
of flow separation (Ribeiro et al., 2012), none of the coarse particle tracers did so, which 877 
I attribute to their being the coarse fraction of the bedload. Maximum transport distances 878 
along scour hole flanks within the upper confluence match patterns of bedload 879 
segregation recorded by Mosley (1976) and Best (1988), with transport corridors 880 
observed at both confluences agreeing as well. I liken this agreement back to the 881 
controlling influences of ϴ and Qr. I do not expect confluence morphology to reflect this 882 
form (i.e., pronounced scour, bedload segregation) at all gravel-bed confluences with 883 
high ϴ and Qr, but rather assert that these controls remain important at fluvially-884 
dominated confluences at steeper slopes and additional channel morphologies than 885 
previously assumed. I therefore propose an expansion of the range of channel types 886 
where simple controls like ϴ and Qr dominate morphology and influence sediment 887 
transport through confluences. Investigation into the threshold slope and grain size at 888 
which ϴ and Qr no longer serve as controls represents a direction for future study. 889 
 890 
Boulders and Sediment Routing 891 
While D50 varied little between study reaches, high variation in D84 allowed for 892 
comparison of how particle routing is influenced by the coarsest particles on the bed. 893 
This is an important distinction between my study confluences and those of past 894 
studies. At my study site, boulders influenced incipient motion, lateral transport, and 895 
total travel distances for particle tracers. The distribution of tracer particles at the upper 896 
confluence is testament to this: particles within Moose Creek (D84 = 100 mm) retained 897 
an approximate grid-like shape prior to entering the confluence, exhibiting very little 898 
lateral motion in the process. On the other hand, tagged tracers in Martin Creek (D84 = 899 
147 mm) did not, clustering around large obstructions and exhibiting much larger 900 
horizontal components of motion (Figure 12). Particles within both confluences showed 901 
clustered depositional patterns where large boulders were present. Boulders and their 902 
impact on sediment transport are well-documented in step-pool channels (e.g., Yager et 903 
al., 2007; Yager et al., 2012), which occur at higher slopes than the plane-bed 904 
morphology examined here. Yager et al. (2012) quantified how immobile grains bear a 905 
large portion of total shear stress while simultaneously reducing the area of the bed 906 
available for mobilization, which accounts for past overestimates in sediment transport 907 
rates in steep streams. My observations suggest that they impart a similar trapping 908 
effect in plane-bed channels. Despite these effects, the transport corridors and 909 
segregation I observed suggest that boulder densities at my site were not high enough 910 
to cause deviation from the segregated transport patterns associated with “classic” 911 
confluence forms (Figure 3). 912 
 913 
Confluences and Sediment Transport 914 
 915 
Modelling Discussion 916 
Good-quality fits of the EHS and GEM models support Bradley and Tucker’s (2012) 917 
assertion that a gamma or exponential distribution can approximate the true compound 918 
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Poisson distribution of step lengths for a group of sediment tracers, regardless of the 919 
number of steps and rests taken. The models’ shared inability to characterize high 920 
probabilities of fast-moving tracers – especially at borderline heavy or truly heavy-tailed 921 
reaches – may correlate to short-term superdiffusion at the time scales evaluated here 922 
(Ganti et al., 2010). I note the considerable increase in transport length once particles 923 
move through confluences, as well as the lack of size-dependence therein, as an 924 
additional reason for lower-quality model fits for fast-moving tracers in the confluence 925 
reaches.   926 
 927 
Despite lacking observations of true step length distance and the number of steps that 928 
occurred, I consider how dimensionless modal displacement (Xi/Di) compared to a 929 
predicted linear relation based on the momentum framework of Lajeunesse et al. 930 
(2010). Plotted as a contour density plot, my results exceed the predicted value 931 
corresponding to single-step distances over different flow magnitudes and channel 932 
morphologies (Figure 23). Falling above this linear relation suggests either enhanced 933 
step length distances or the occurrence of multiple steps. I suggest that a majority of 934 
particles in my study site featured multiple steps, longer steps, or some combination of 935 
both. 936 
 937 
Sediment Mechanics 938 
The linear and power-law collapse of I* with travel distance and variance in Figure 22 939 
suggests that the cumulative impulse is indeed proportional to the amount of time above 940 
the threshold of motion. Differences in I* estimates within confluence sites and between 941 
the control reach and Martin Creek (lower confluence) reach are noted, but I attribute 942 
this to variation in cross-sectional area and flow patterns at each reach. Confined 943 
channels with greater hydraulic radii, like Martin Creek at the upper confluence, rapidly 944 
increase depth with discharge and thus are quickly able to exceed higher (𝜏𝑐,𝑅𝑒𝑐𝑘𝑖𝑛𝑔
∗
) 945 
thresholds of motion, compared to reaches like Moose Creek (upper confluence) or 946 
Martin Creek (lower confluence), with considerably wider channels and smaller 947 
hydraulic radii. The linear scaling observed in Figure 22 and by Phillips et al. (2013) 948 
encourage further use of the dimensionless impulse, as long as the method for 949 
estimating incipient motion is consistent between study sites. Phillips and Jerolmack 950 
(2014) posit that a general relationship between modal displacement and I* may exist 951 
and, taking bed roughness into account, will agree with other field tracer studies in 952 
gravel and cobble-bed streams. They incorporate roughness using a friction factor, kf. 953 
General applicability of this relationship would allow for simple predictions of sediment 954 
dynamics from stage and cross-sectional data alone, which could provide a useful link 955 
between climatic processes and sediment transport (Phillips and Jerolmack, 2014). My 956 
data fall well below this relation, with shorter modal transport distances for each study 957 
reach than expected, given their values of I* (Figure 24). In order for my data to fall 958 
along this curve, critical Shields number values of 0.09 to 0.135 are required, which far 959 
exceed my prior estimates (Table 5) and result in very short periods of flow above the 960 
threshold (0.23 to 2.14 days). I suspect that adjusting the critical Shields number to the 961 
0.09-0.135 range represents at best a higher bound to the incipient motion threshold. 962 
Though Phillips et al. (2013) address channel roughness with kf, it is possible that my I* 963 
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estimates are high because kf does not adequately account for stress partitioning 964 
between mobile and immobile grains (Yager et al., 2012). 965 
 966 
 967 
Figure 23: Modal displacement (Xi/Di) of travel distance – normalized by particle size – for (A) the upper 968 
confluence, (B) control reach, and (C) lower confluence, plotted against excess shear velocity (U*e) 969 
normalized by settling velocity (Vs = √𝐺𝑠𝑔𝐷 , where Gs is submerged specific gravity). The red line is a 970 
linear relationship between modal displacement and excess shear velocity found by Lajeunesse et al. 971 
(2010). 972 
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 973 
I also note that the four confluence reaches fall along a linear relation of similar slope in 974 
Figure 24, while the control reach provides a large residual. The residual increases as I 975 
shift the data closer to Phillips et al.’s relation, suggesting that my confluence reaches 976 
scale linearly with modal displacement and I* amongst themselves, while the plane-bed 977 
parent morphology does not. This further supports my assertion that confluences impart 978 
a unique dispersive regime from the typical plane-bed morphology. 979 
 980 
 981 
Figure 24: Adaptation of the proposed general relation from Phillips and Jerolmack (2014). The black line 982 
is a linear relation between modal displacement and I*.  983 
 984 
Effect of Confluences on Dispersion 985 
Comparable transport distances and tail character between the control reach and the 986 
smaller upper confluence (Figure 17), along with enhanced variance and travel 987 
distances experienced by the lower confluence, suggests that the general effect of 988 
confluences in this system is to enhance coarse particle dispersion in the downstream 989 
direction. This is supported through the use of the dimensionless impulse – for 990 
comparable I* values, travel distance for confluence tracers exceeded that of the control 991 
reach. This relationship holds regardless of critical Shields estimate. That travel 992 
distances were enhanced considering for the coarse bedload fraction suggests that 993 
these enhanced dispersive effects might be even stronger for smaller grains. However, 994 
we do not expect the prevalence of a similar mobility condition for smaller-sized 995 
particles. I consider my calculated I* at confluence reaches to represent a lower bound 996 
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to the true I*, since I used channel flow at the seed reaches and not the combined flow. 997 
However, transport distances for upper confluence tracers occurred primarily within the 998 
seed reach, with only a fraction of tracers experiencing combined flow. Furthermore, 999 
energy loss resulting from flow convergence renders the true I* for the confluence zone 1000 
lower than for the largely one-dimensional flow present at the control reach. The 1001 
calculated I* for lower confluence tracers may be an underestimate as well, as tracers 1002 
moving beyond the confluence entered the combined flow. Even with an increase in I* 1003 
at both confluences, their proposed influence on particle dispersion remains the same if 1004 
moving through confluences places front-running tracers in a system with greater I* 1005 
values.  1006 
 1007 
The enhanced coarse sediment dispersion I observe through confluences – compared 1008 
to what I expected based on the control reach – is analogous to advancing the 1009 
dispersion of sediment particles “forwards in time”. In the subdiffusive regime observed 1010 
in gravel-bed rivers, this would advance fast-moving tracers further downstream than 1011 
otherwise expected before burial immobilizes a majority of the tracer population. Long-1012 
term heavy tailedness is rare for bedload particles, usually reverting to a thin-tailed state 1013 
(Hassan et al. 2013). Slow-moving grains might then be expected to catch up to fast-1014 
moving ones upon entering the confluence zone themselves. However, thin-tailed 1015 
transport over multiple flood events – combined with the assumption of heavy-tailed rest 1016 
periods – would produce a lasting pattern of dispersive growth, preventing the 1017 
emergence of a “rubber band effect” as burial and subdiffusion predominate (Weeks et 1018 
al., 1996; Nikora et al., 2002; Ganti et al., 2010, Phillips et al., 2013). I thus propose a 1019 
conceptual model where geomorphically-significant confluences, with sufficient Qr, have 1020 
the effect of enhancing coarse bedload transport and dispersion characteristics relative 1021 
to coarse particles routing through plane-bed reaches lacking confluences. If dispersion 1022 
through confluences exceeds that of other headwater channel morphologies as well, 1023 
then this model would apply in river systems like the Rio Chama where tributaries force 1024 
morphological change to the mainstem (Swanson and Meyer, 2014).  1025 
 1026 
Confluences and Large-Scale Sediment Routing: The Big Picture 1027 
 1028 
I scale up this conceptual model within the broader context of Benda et al.’s (2004) 1029 
“Network Dynamics Hypothesis” (NDH), to consider the effects of confluences at the 1030 
scale of headwater river networks. The NDH considers that, for tributary confluences 1031 
with sufficient Qr, the likelihood of morphologically-significant perturbations to mainstem 1032 
channels increases. Our data oppose the idea of enhanced morphological 1033 
heterogeneity through sediment storage – we attribute this difference to the lack of 1034 
upstream tributary disturbance at our study site, allowing for propagation of sediment 1035 
through the confluence zone without enacting major morphological change. This 1036 
expands, rather than refutes, the NDH by assuming that confluences are 1037 
morphologically-significant for both disturbed and undisturbed river networks, albeit in 1038 
differing ways.   1039 
 1040 
By proposing that dispersion is enhanced in fluvially-dominated confluences, I would 1041 
expect differently-shaped basins to vary in their sediment routing patterns and, in the 1042 
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case of disturbances, their response to sediment pulses. Dendritic networks, with basin 1043 
shapes conducive to the occurrence of geomorphically-significant confluences (Benda 1044 
et al., 2004), would contain more confluences capable of these dispersive effects than a 1045 
narrow stream network of identical area and stream density. In the vicinity of my field 1046 
site, this is shown in the Bitterroot and Sapphire mountains (Figure 25). Headwater 1047 
basins in the Sapphires assume a more dendritic form, lacking the glacial imprint of the 1048 
Bitterroot, and would accumulate confluence effects on dispersion to a greater extent.  1049 
 1050 
 1051 
Figure 25: Basin shape and occurrence of geomorphically-significant confluences in the (A) Sapphire 1052 
Mountains and (B) Bitterroot Range. These basins are of similar drainage area, but differ in lithology and 1053 
erosive history. The Sapphires are composed of mixed metasedimentary and intrusive igneous rock, and 1054 
are dominated by fluvial incision. The Bitterroot is characterized by granite and a strong glacial imprint. 1055 
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 1056 
This conceptual model suggests that basin shape, itself a function of lithology and 1057 
climate, may provide information regarding the extent to which particle displacement 1058 
alters the channel. This idea is of particular importance in watersheds where salmonid 1059 
restoration is a primary management objective. In applying gravel pulses to sediment-1060 
starved streams, predicting the propagation of sediment following a dam removal, or 1061 
modeling the morphological impacts of a debris flow, the arrangement of 1062 
geomorphically-significant confluences would aid in modeling and prediction of 1063 
dispersive bedload transport. In all cases the enhanced dispersion through confluences 1064 
would attenuate its vertical impact to the channel in a Eulerian field sense, but prolong 1065 
the duration of downstream impacts overall (Lisle et al., 2001). This conceptual model 1066 
adds to the scope of the Network Dynamics Hypothesis, expanding on the idea that 1067 
confluence arrangement influences basin evolution by considering a new morphologic 1068 
setting for channel confluences. 1069 
 1070 
 1071 
CONCLUSION 1072 
 1073 
The results of this study indicate that in gravel-bed headwater systems, tributary 1074 
confluences represent geomorphically unique locations that affect both local and non-1075 
local patterns of sediment routing. At the reach scale, coarse sediment is routed through 1076 
confluences along the flanks of a well-defined scour hole, in agreement with 1077 
observations and flume studies from gravel-bed systems with lower slope and smaller 1078 
bedload particles. Transport through the confluence zone is less dependent on grain 1079 
size than in the plane-bed channel morphology. With respect to dispersive bedload 1080 
transport, I found confluence reaches to force greater transport distances and 1081 
dispersive growth compared to the plane-bed channel morphology, given an estimation 1082 
of excess shear stress imparted on grains. This observation is supported by analysis of 1083 
model fits and various transport metrics.  1084 
 1085 
I propose a conceptual model where headwater confluences of sufficient Qr and ϴ act 1086 
to enhance the dispersion of coarse bedload particles, promoting enhanced dispersion 1087 
and greater downstream expansion than otherwise expected. According to the sediment 1088 
cascade framework of Fryirs (2013), this would classify confluences as an enhanced 1089 
longitudinal linkage, at least compared to the plane-bed channel morphology. The 1090 
conceptual model developed herein adds to previous study by suggesting that the 1091 
spatial structuring of channel junctions is of geomorphic importance regarding sediment 1092 
routing through a fluvially-dominated confluence. These results pertain to a range of 1093 
problems, including solid-phase contaminant transport (Bradley et al., 2010), 1094 
cosmogenic radionuclide accumulation (Gayer et al., 2008), sediment budgeting 1095 
(Malmon et al., 2003), and the duration and topographic impact of pulses on aquatic 1096 
habitat (Lisle, 2001).  1097 
 1098 
 1099 
 1100 
 1101 
 1102 
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Appendix A: Study Site Measurements 1371 
 1372 
A.1: Pebble Counts 1373 
 1374 
I collected Wolman pebble counts at each study site, across bedforms and patches of 1375 
differing grain sizes to characterize average D50 values for use in data analyses. I 1376 
examined approximately 200-300 particles at each seed reach during the summer field 1377 
season, as pre-flood topography was in many places obscured by snow and ice on the 1378 
stream channels. These data form the basis for the D50 and D84 values in Table 1. 1379 
 1380 
Table A1: Pebble count data from each seed reach, collected in July 2014. 1381 
 1382 
 1383 
 1384 
Martin (Upper Confluence) 
  
Size Class Size (m) Number Cum freq Cum % 
1.4 0.0014 3 3 0.012821 
2 0.002 3 6 0.025641 
2.8 0.0028 2 8 0.034188 
4 0.004 4 12 0.051282 
5.6 0.0056 8 20 0.08547 
8 0.008 4 24 0.102564 
11 0.011 6 30 0.128205 
16 0.016 3 33 0.141026 
22.6 0.0226 12 45 0.192308 
32 0.032 23 68 0.290598 
45 0.045 22 90 0.384615 
64 0.064 28 118 0.504274 
90 0.09 37 155 0.662393 
128 0.128 32 187 0.799145 
180 0.18 26 213 0.910256 
256 0.256 14 227 0.970085 
360 0.36 7 234 1 
 1385 
Control Reach 
   
Size Class Size (m) Number Cum freq Cum % 
1.4 0.0014 4 4 0.019048 
2 0.002 0 4 0.019048 
2.8 0.0028 2 6 0.028571 
4 0.004 4 10 0.047619 
5.6 0.0056 2 12 0.057143 
8 0.008 2 14 0.066667 
11 0.011 6 20 0.095238 
16 0.016 4 24 0.114286 
22.6 0.0226 16 40 0.190476 
32 0.032 14 54 0.257143 
45 0.045 32 86 0.409524 
64 0.064 30 116 0.552381 
90 0.09 36 152 0.72381 
128 0.128 26 178 0.847619 
180 0.18 8 186 0.885714 
256 0.256 12 198 0.942857 
360 0.36 12 210 1 
 1386 
Martin (Lower Confluence) 
  
Size Class Size (m) Number Cum freq Cum % 
Moose (Upper Confluence) 
  
Size Class Size (m) Number Cum freq Cum % 
1.4 0.0014 4 4 0.014035 
2 0.002 0 4 0.014035 
2.8 0.0028 2 6 0.021053 
4 0.004 3 9 0.031579 
5.6 0.0056 5 14 0.049123 
8 0.008 4 18 0.063158 
11 0.011 6 24 0.084211 
16 0.016 7 31 0.108772 
22.6 0.0226 8 39 0.136842 
32 0.032 37 76 0.266667 
45 0.045 48 124 0.435088 
64 0.064 55 179 0.62807 
90 0.09 47 226 0.792982 
128 0.128 38 264 0.926316 
180 0.18 7 271 0.950877 
256 0.256 7 278 0.975439 
360 0.36 7 285 1 
50 
 
1.4 0.0014 1 1 0.005319 
2 0.002 3 4 0.021277 
2.8 0.0028 3 7 0.037234 
4 0.004 3 10 0.053191 
5.6 0.0056 2 12 0.06383 
8 0.008 1 13 0.069149 
11 0.011 0 13 0.069149 
16 0.016 5 18 0.095745 
22.6 0.0226 11 29 0.154255 
32 0.032 13 42 0.223404 
45 0.045 21 63 0.335106 
64 0.064 23 86 0.457447 
90 0.09 44 130 0.691489 
128 0.128 39 169 0.898936 
180 0.18 13 182 0.968085 
256 0.256 3 185 0.984043 
360 0.36 3 188 1 
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East Fork Bitterroot (Lower Confluence) 
 
Size Class Size (m) Number Cum freq Cum % 
1.4 0.0014 2 2 0.006944 
2 0.002 4 6 0.020833 
2.8 0.0028 3 9 0.03125 
4 0.004 0 9 0.03125 
5.6 0.0056 4 13 0.045139 
8 0.008 0 13 0.045139 
11 0.011 6 19 0.065972 
16 0.016 7 26 0.090278 
22.6 0.0226 12 38 0.131944 
32 0.032 20 58 0.201389 
45 0.045 30 88 0.305556 
64 0.064 45 133 0.461806 
90 0.09 59 192 0.666667 
128 0.128 44 236 0.819444 
180 0.18 34 270 0.9375 
256 0.256 13 283 0.982639 
360 0.36 5 288 1 
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A.2: Morphologic Surveying and Geomorphic Change Detection 1390 
 1391 
i). Bed Topography 1392 
 1393 
Figure A1 shows DEMs of post-flood (summer 2014) topographic data, plotted in 1394 
ArcMap v.10.1. The artificially high breakpoints at the upper confluence (left, Figure A1) 1395 
are a result of erroneous survey measurements during the pre-flood period. 1396 
 1397 
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 1398 
Figure A1: Bed topography at the upper (left) and lower (right) study confluence. 1399 
 1400 
ii). Geomorphic Change Detection 1401 
 1402 
Geomorphic Change Results 1403 
Using pre and post-flood surveys collected with the total station, I calculated the extent 1404 
of geomorphic change using free geomorphic change detection software 1405 
(http://gcd.joewheaton.org/) and the built-in DEM differencing tools within ArcMap v10.1. 1406 
 1407 
At the upper confluence, change detection measured erosion of the outer banks and at 1408 
the upstream junction corner for the 2014 flood, with the highest scour occurring at the 1409 
bank junction between Martin Creek and the combined flow within the confluence. This 1410 
scour correlated with small-scale bank collapse and subsequent erosion (0.4-0.5 m). 1411 
Scour occurred at a lesser degree across the bed of Martin Creek up to the edge of 1412 
Moose Creek’s tributary mouth bar. Large boulders represent the only locations within 1413 
this area not to experience significant levels of scour. While I did not detect significant 1414 
elevation change within the tributary mouth bar itself, the occurrence of scour along its 1415 
edge suggests a widening of the mainstem Martin Creek channel at the upstream 1416 
junction of the confluence, at the expense of the tributary mouth bar. Field observations 1417 
match this assertion. The scour hole also did not feature significant levels of 1418 
geomorphic change.  1419 
 1420 
The lower confluence featured a similar pattern of lateral bank erosion, though the 1421 
majority of this change occurred on banks within the confluence itself, rather than along 1422 
the edges of the contributing streams (Figure A3). The most significant erosion occurred 1423 
along the right-hand bank of the combined channel, adjoining the scour hole. I attribute 1424 
this erosion as flood-induced channel widening. This erosive pattern overlaps with paths 1425 
taken by tracers around the scour hole (Figure 14). In contrast to the upper confluence, 1426 
no significant change occurred along the front of the tributary mouth bar. I noted a large 1427 
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area of erosion across the East Fork Bitterroot River seed reach, with magnitudes of 1428 
erosion comparable to that occurring on banks within the confluence (0.2 – 0.4 m). 1429 
Large sections of the East Fork in this area were interpolated from a few dug-in survey 1430 
points, as the ice was 0.5 m thick during the pre-flood survey. Small areas of deposition 1431 
are evident within the lower confluence, with a notable patch observable within the 1432 
center of the confluence scour hole, experiencing 0.1 – 0.22 m of change. No large 1433 
depositional points were evident along depositional bedforms within the lower 1434 
confluence or its contributing streams.   1435 
 1436 
Figure A2: Results of DEM differencing pre and post-2014 flood surveys at the upper confluence, with 1437 
Moose Creek entering Martin Creek from the east (right-hand) side. Warm colors signify erosion; cool 1438 
colors signify deposition. 1439 
 1440 
Geomorphic Change Discussion  1441 
The topographic surveys spanning the 2014 flood correlate with observed transport and 1442 
deposition of PIT-tagged tracers within both study confluences. At the upper confluence, 1443 
I attribute the erosive pattern above the scour hole to the magnitude of the 2014 flood 1444 
(~4 year RI), which agrees with the expansion of the shear layer and corresponding 1445 
erosion of bar and bank edges observed by Boyer et al. (2006). The significant erosion 1446 
along Martin Creek’s right bank as it enters the confluence corresponds to failure of an 1447 
undercut bank during the flood. Particle clustering within the vicinity of the scour hole 1448 
(Figure 17), suggests that, despite erosion and widespread particle transport, boulders 1449 
were effective in trapping some fraction of mobile sediment from Martin Creek.Within 1450 
the lower confluence, I note a correlation between the observed erosional patterns with 1451 
sediment transport along the flanks of the scour hole (Figure 14), which further supports 1452 
my observations and the conceptual models of Boyer et al. (2006) and Ribeiro et al. 1453 
(2012). The small area of fill (~0.15 m vertical displacement) within the downstream end 1454 
of the scour hole I attribute to deposition behind a very large (b-axis > 1.5 m) boulder.  1455 
 1456 
Overall, I found that geomorphic change within confluences was effective in illustrating 1457 
zones of high sediment transport around scour hole flanks during the 2014 flood, 1458 
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despite some uncertainty in the measured scour and fill volumes. For smaller floods 1459 
where the true geomorphic change are below my 0.2 and 0.1 m detection thresholds I 1460 
would not have been able to identify these active zones. Higher-precision topographic 1461 
survey methods, applied over greater spatial and temporal scales, would facilitate 1462 
improved quantification and correlation of tracer transport with geomorphic change. 1463 
 1464 
iii). Seed reach cross-sections 1465 
 1466 
I measured cross sections at each seed reach corresponding to the placement of 1467 
pressure transducers in the active channel. Cross sections were measured 1468 
perpendicular to the flow direction from bankfull to bankfull at a point spacing of ~0.5-1 1469 
m. Additionally, I placed my cross sections as to capture the channel characteristics of 1470 
the seed reaches where particle tracers were initially located. These cross sections 1471 
were the basis of my calculations of I* and critical Shields number. 1472 
 1473 
 1474 
Figure A3: Topographic cross-section at the Moose Creek seed reach in the upper confluence. 1475 
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Figure A4: Topographic cross-section at the Martin Creek seed reach in the upper confluence. 1477 
 1478 
Figure A5: Topographic cross-section at the control reach. 1479 
 1480 
Figure A6: Topographic cross-section at the Martin Creek seed reach in the lower confluence.  1481 
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Figure A7: Topographic cross-section at the East Fork Bitterroot seed reach in the lower confluence.  1483 
 1484 
iv). Bedform Polygon Points 1485 
 1486 
Digitized patch maps were hand-drawn with the following points as guides for patch 1487 
polygons. These points were selected in the field during the summer 2015 recovery 1488 
campaign from total station (upper confluence) and handheld GPS (lower confluence). 1489 
Past these points, digitized patch polygons were constructed using photographs and 1490 
field sketches. Below are tables of the points collected to characterize bedform 1491 
topography: 1492 
 1493 
Table A2: Total station and GPS points of bedform extents at the upper and lower confluence. 1494 
 1495 
Point North East Height 
BED71 195445.9 272688.4 1604.174 
BED74 195444.3 272689.1 1604.141 
BED86 195436.9 272688.7 1604.101 
BED100 195446.2 272685.5 1604.418 
BED114 195437 272687.6 1604.096 
BED117 195436 272686.4 1604.027 
BED135 195445.3 272681.4 1604.279 
BED141 195441.8 272682.8 1604.126 
BED160 195440.6 272681.6 1604.003 
BED172 195443.9 272679.7 1604.357 
BED175 195442.2 272680.8 1604.168 
BED189 195434.5 272682.3 1603.931 
BED192 195436.8 272681.9 1603.964 
BED252 195451.4 272678.1 1604.022 
BED295 195443.4 272678 1604.138 
BED296 195442.5 272678.1 1604.119 
BED314 195432.9 272680 1603.831 
BED330 195442.5 272677.1 1603.944 
BED345 195441.3 272673.2 1603.531 
BED348 195441.4 272675.4 1603.656 
BED353 195440.3 272677.3 1603.88 
BED364 195439.4 272672.9 1603.582 
BED366 195439.6 272674.2 1603.52 
BED369 195439.2 272676.1 1603.481 
BED373 195437.9 272677.2 1603.767 
BED375 195438 272675.8 1603.366 
BED391 195436.1 272677 1603.721 
BED397 195437.7 272672.2 1603.557 
BED405 195435.9 272673.4 1603.284 
BED408 195435.6 272675.2 1603.408 
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BED410 195434.4 272676.9 1603.797 
BED411 195431.6 272679 1603.968 
BED413 195432.7 272677.4 1603.783 
BED414 195433.3 272676.6 1603.704 
BED416 195434.3 272675.2 1603.483 
BED421 195435.7 272672 1603.387 
BED438 195431.7 272675.2 1603.725 
BED447 195434 272670.2 1603.581 
BED457 195429.8 272673.9 1603.719 
BED458 195430.7 272672.7 1603.249 
BED462 195432.7 272670.6 1603.342 
BED478 195430.4 272669.5 1603.078 
BED491 195425.5 272671.8 1603.599 
MO_XS10 195442.5 272687.4 1604.176 
MA_XS1 195449.3 272678.2 1604.85 
MA_XS3 195449.8 272677.4 1603.979 
 1496 
Point North East Height 
BF1 194746.9 272054.1 1590.853 
BF2 194747.5 272053.2 1591.081 
BF3 194744.6 272052 1591.037 
BF4 194737.7 272059.1 1590.961 
BF5 194741.9 272050.6 1591.011 
BF6 194739.5 272054.1 1590.749 
BF7 194738.5 272055.5 1590.892 
BF8 194736.4 272059.3 1591.03 
BF9 194735.8 272058.4 1590.925 
BF10 194733.8 272056.5 1590.58 
BF11 194734.3 272063.3 1590.603 
BF12 194731.6 272060.8 1590.591 
BF13 194731.4 272059.3 1590.636 
BF14 194732 272057.7 1590.415 
BF15 194732.1 272056.2 1590.486 
BF16 194732.9 272051.1 1590.553 
BF17 194734.3 272048 1590.551 
BF18 194731.7 272050.5 1590.248 
BF19 194729.7 272054.5 1590.465 
BF20 194731.9 272047.1 1590.422 
BF21 194727.9 272051.2 1590.245 
BF22 194727.4 272052.6 1590.407 
BF23 194729.1 272043.7 1590.245 
BF24 194728.7 272044.5 1590.191 
BF25 194725.4 272049.9 1590.471 
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BF26 194725.6 272047.8 1589.955 
BF27 194727.4 272042.2 1590.214 
BF28 194724.7 272041.3 1589.887 
BF29 194723.7 272043.8 1589.907 
BF30 194718.9 272049.6 1590.428 
BF31 194719.7 272046.2 1589.956 
BF32 194724.7 272039.2 1589.686 
BF33 194719.3 272041.2 1589.595 
BF34 194722.4 272037.5 1589.559 
BF35 194721.5 272033 1589.9 
BF36 194719.8 272034.7 1589.769 
BF37 194716.6 272038 1589.772 
BF38 194716 272038.5 1589.863 
BF39 194745.1 272054.8 1590.708 
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A.3: Flow Data 1498 
 1499 
I used transducer data at each study reach to produce flood hydrographs for each seed 1500 
reach at the study site. Mueller et al. (2005) and Recking (2013) thresholds for incipient 1501 
motion are indicated on each figure, as is the bankfull level. 1502 
 1503 
 1504 
Figure A8: 2014 stage hydrograph at the Moose Creek (upper confluence) transducer. 1505 
 1506 
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 1507 
Figure A9: 2014 stage hydrograph at the Martin Creek (upper confluence) transducer. 1508 
 1509 
 1510 
Figure A10: 2014 stage hydrograph at the control reach. 1511 
 1512 
 1513 
Figure A11: 2014 stage hydrograph at the Martin Creek (lower confluence) transducer. 1514 
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 1515 
Appendix B: Tracer Data 1516 
 1517 
B.1: Tracer Dimensions 1518 
 1519 
For each tracer particle I measured the three axes by hand with digital calipers. These 1520 
data provide information about the shape distribution of tracer particles as well as 1521 
valuable b-axis data for a variety of uses: 1522 
 1523 
Table B1: Tracer a, b, and c-axis dimensions. 1524 
Tag 
Number Tag ID 
a-
axis 
b-
axis 
c-
axis 
1 92104 123 106 98 
2 92059 150 110 93 
3 505405 123 116 61 
4 505455 157 131 56 
5 505400 155 93 75 
6 91954 158 93 85 
7 505495 136 117 76 
8 92064 160 112 97 
9 505483 174 125 91 
10 505419 167 113 69 
11 505491 138 120 78 
12 91968 136 124 101 
13 505421 166 136 89 
14 91975 122 118 76 
15 92060 172 134 95 
16 505413 138 106 86 
17 91866 131 122 117 
18 91927 140 110 70 
19 505448 145 128 82 
20 505438 164 91 87 
21 92067 141 107 81 
22 91969 135 113 77 
23 505459 109 99 80 
24 505424 163 100 83 
25 505471 162 123 81 
26 92084 107 101 95 
27 92100 149 110 89 
28 91989 134 115 81 
29 91981 140 118 105 
30 92074 183 124 90 
31 505470 146 123 103 
32 91902 155 112 80 
33 91952 135 123 67 
34 505452 185 138 103 
35 505420 146 89 87 
36 505489 184 144 99 
37 91998 145 136 87 
38 505498 139 100 76 
39 505484 161 137 92 
40 505428 136 116 63 
41 91985 163 113 81 
42 91987 145 98 89 
43 91955 140 103 98 
44 505482 147 108 50 
45 91992 156 115 80 
46 91884 153 112 66 
47 505407 124 94 79 
48 505466 157 129 94 
49 91855 149 108 61 
50 505467 180 112 71 
51 91973 138 108 77 
52 505442 164 134 69 
53 505431 107 93 82 
54 92080 132 124 74 
55 505440 157 120 85 
56 92019 116 99 74 
57 91940 157 125 55 
58 505444 127 110 58 
59 505415 157 118 67 
60 505486 155 127 79 
61 505476 132 109 57 
62 505453 138 106 93 
63 505477 166 122 76 
64 92003 135 112 90 
65 91878 113 104 90 
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66 505409 134 112 66 
67 505430 183 111 73 
68 91979 163 95 90 
69 91993 113 101 65 
70 505432 140 107 57 
71 92011 174 93 89 
72 505480 162 105 91 
73 92012 157 90 81 
74 505426 152 116 90 
75 505494 156 114 74 
76 505403 131 119 63 
77 505462 118 116 77 
78 91964 114 108 82 
79 91960 142 125 72 
80 505487 206 112 94 
81 505441 144 133 98 
82 505450 165 136 81 
83 505464 117 114 69 
84 505429 145 125 70 
85 505481 124 122 81 
86 91812 122 112 61 
87 92026 151 106 86 
88 505418 126 87 64 
89 505423 139 95 48 
90 505401 134 88 78 
91 505427 139 81 55 
92 505499 107 94 49 
93 505433 127 71 55 
94 505493 120 80 60 
95 505411 102 78 67 
96 505446 130 97 64 
97 505422 109 96 49 
98 505439 104 80 72 
99 505458 136 90 68 
100 91974 114 97 56 
101 505449 101 76 55 
102 505460 91 88 53 
103 505437 108 98 75 
104 505475 119 63 46 
105 505497 129 77 50 
106 505447 102 89 53 
107 505436 89 74 65 
108 505417 134 106 63 
109 505402 120 96 66 
110 505469 150 94 67 
111 505468 111 66 52 
112 91976 150 92 67 
113 92000 130 90 62 
114 91994 105 87 47 
115 505443 103 89 61 
116 505406 146 90 69 
117 505485 118 87 76 
118 505490 101 83 48 
119 505461 156 102 70 
120 505416 118 72 71 
121 505425 139 69 59 
122 505478 120 97 72 
123 505454 140 95 73 
124 91937 115 73 70 
125 505451 89 87 62 
126 92081 129 80 56 
127 91944 142 100 65 
128 92001 122 98 85 
129 505474 119 84 60 
130 505404 140 76 72 
131 505457 109 89 64 
132 505496 97 87 53 
133 505410 155 91 84 
134 505434 111 65 82 
135 505435 100 89 45 
136 92062 106 86 68 
137 92068 133 79 64 
138 91962 90 68 60 
139 505473 122 89 58 
140 505465 101 80 59 
141 505412 99 80 48 
142 505456 130 94 45 
143 505408 83 77 49 
144 505492 93 87 75 
145 505472 129 83 65 
146 505488 103 91 71 
147 92037 133 85 74 
148 91863 113 82 62 
149 91936 137 98 67 
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150 92077 106 77 40 
151 91997 137 91 66 
152 92090 114 112 50 
153 92058 117 75 67 
154 92017 104 73 59 
155 505414 127 75 56 
156 505479 139 92 59 
157 505463 123 88 58 
158 505445 102 83 41 
159 91996 122 86 73 
160 91819 117 83 67 
161 91860 134 64 61 
162 91818 124 77 60 
163 91830 121 75 72 
164 91810 111 96 64 
165 92033 131 89 68 
166 505560 121 82 56 
167 505532 127 90 78 
168 505525 137 80 52 
169 505594 101 74 64 
170 505581 108 90 80 
171 505520 77 69 68 
172 92038 128 82 52 
173 91963 126 87 67 
174 505551 132 88 65 
175 92005 92 79 47 
176 92072 129 77 63 
177 91951 115 80 57 
178 92069 117 84 65 
179 505559 148 92 58 
180 505540 128 63 61 
181 91886 112 101 78 
182 505556 115 114 80 
183 505534 99 77 59 
184 92075 110 84 50 
185 91925 121 93 47 
186 92065 101 86 65 
187 91967 97 90 48 
188 91858 133 68 54 
189 92094 129 81 76 
190 505583 81 70 64 
191 505548 128 68 57 
192 505517 136 90 60 
193 505565 101 78 69 
194 505521 125 83 48 
195 505557 130 82 72 
196 92088 117 84 55 
197 92083 116 81 45 
198 91942 164 99 52 
199 91899 92 70 60 
200 92041 116 87 57 
201 92040 108 77 44 
202 92099 93 80 72 
203 91938 125 83 47 
204 92061 89 74 62 
205 505588 93 71 62 
206 91875 92 79 52 
207 505576 112 92 57 
208 505597 105 88 47 
209 505589 119 100 47 
210 91986 118 90 51 
211 92097 123 86 56 
212 505571 103 87 72 
213 92071 133 102 64 
214 92015 101 83 59 
215 91961 93 79 58 
216 91809 113 90 65 
217 91917 110 100 66 
218 91832 95 83 39 
219 505544 96 74 53 
220 505506 125 77 77 
221 505523 157 79 65 
222 91876 124 79 47 
223 505591 135 85 56 
224 92002 111 76 71 
225 91990 106 73 50 
226 91869 105 85 49 
227 92018 88 77 52 
228 91988 137 108 50 
229 92021 101 76 54 
230 505584 111 72 60 
231 505542 112 87 72 
232 505587 100 94 51 
233 92007 126 92 57 
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234 91950 169 92 68 
235 91966 96 69 57 
236 91901 110 93 70 
237 91880 95 84 54 
238 91813 91 75 56 
239 91982 87 73 50 
240 91970 119 76 44 
241 91922 102 61 60 
242 91870 135 113 58 
243 505564 103 63 54 
244 92046 117 96 51 
245 92086 110 82 47 
246 91838 112 73 72 
247 505530 132 80 65 
248 505546 109 86 55 
249 91848 113 90 69 
250 91916 125 63 52 
251 91930 89 74 65 
252 92076 95 79 53 
253 92030 108 90 51 
254 91854 129 65 60 
255 91893 103 80 62 
256 91850 118 94 73 
257 92050 125 84 44 
258 92022 119 81 57 
259 505582 117 76 53 
260 92057 116 97 65 
261 505535 106 71 63 
262 505555 118 96 58 
263 91946 119 75 56 
264 91847 114 87 64 
265 91881 118 99 67 
266 91913 94 72 49 
267 505574 120 78 72 
268 92014 101 83 43 
269 91904 101 84 74 
270 91845 103 77 55 
271 91888 101 84 54 
272 91977 111 90 43 
273 92101 139 103 49 
274 505579 106 95 79 
275 50536 115 87 71 
276 91926 116 76 62 
277 505577 124 101 65 
278 91815 86 74 52 
279 91842 114 106 75 
280 91852 120 81 59 
281 505599 116 75 54 
282 91980 110 88 58 
283 91959 109 85 65 
284 92036 154 80 75 
285 92028 106 90 51 
286 91991 111 93 81 
287 505575 127 90 54 
288 505578 138 88 73 
289 92051 150 108 48 
290 92042 146 78 53 
291 92048 106 80 41 
292 91924 85 83 53 
293 91898 133 70 54 
294 92032 161 110 56 
295 92004 157 88 58 
296 92009 125 62 60 
297 91921 133 86 69 
298 92049 96 69 65 
299 505592 94 71 64 
300 505562 125 90 45 
301 505507 105 83 47 
302 505503 102 61 60 
303 91862 100 63 49 
304 91885 98 80 44 
305 91929 92 64 54 
306 505543 90 58 44 
307 92031 102 70 52 
308 505593 89 70 54 
309 91851 96 64 59 
310 91867 102 59 44 
311 91920 74 63 41 
312 91856 86 59 49 
A1 92044 133 96 70 
A2 505558 139 112 68 
A3 92024 156 94 75 
A4 505585 131 95 65 
A5 91882 145 120 68 
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A6 91829 143 106 62 
A7 91958 136 101 77 
A8 505509 122 92 54 
A9 91935 144 115 62 
A10 91919 138 97 60 
A11 92098 126 98 92 
A12 92103 150 92 67 
A13 505538 165 101 82 
A14 91906 120 112 102 
A15 91891 126 96 85 
A16 505570 121 94 72 
A17 91953 157 99 87 
A18 91900 111 100 60 
A19 91825 114 97 94 
A20 91879 110 104 101 
A21 91864 145 94 52 
A22 91911 125 91 67 
A23 91910 128 98 55 
A24 91840 128 107 63 
A25 91999 133 96 64 
A26 91805 163 109 67 
A27 505590 117 91 80 
A28 505502 111 88 47 
A29 505518 101 85 45 
A30 91943 118 63 55 
A31 91811 138 80 56 
A32 505598 95 75 61 
A33 505553 123 84 45 
A34 91971 148 75 62 
A35 91807 115 73 62 
A36 505568 104 94 56 
A37 505573 101 69 40 
A38 505561 163 89 60 
A39 92010 119 72 68 
A40 505524 81 80 54 
A41 92027 91 83 58 
A42 91897 154 69 61 
A43 91905 120 86 59 
A44 91824 110 86 77 
A45 91853 96 83 50 
A46 92054 102 75 41 
A47 505586 143 66 57 
A48 91978 81 65 44 
A49 91846 115 80 58 
A50 91957 140 85 50 
A51 91934 86 77 49 
A52 92008 98 72 55 
A53 91918 124 89 51 
A54 91837 114 82 72 
A55 505504 87 74 59 
A56 505513 123 83 43 
A57 505527 135 76 51 
A58 91892 115 90 60 
A59 505510 105 68 58 
A60 91896 98 69 42 
A61 505566 108 89 61 
A62 505537 108 88 57 
A63 91820 103 77 66 
A64 92070 80 72 51 
A65 91983 116 63 64 
A66 505522 94 76 51 
A67 505526 140 86 58 
A68 505547 88 72 52 
A69 505531 114 88 60 
A70 91941 96 83 53 
A71 92035 91 75 69 
A72 505595 92 65 61 
A73 505516 148 90 73 
A74 91814 117 96 69 
A75 505511 112 84 51 
A76 505549 119 88 64 
A77 92029 100 76 71 
A78 91915 96 80 48 
A79 92078 105 83 69 
A80 505529 126 94 54 
A81 91909 89 82 66 
A82 91844 109 85 56 
A83 92096 71 70 50 
A84 92006 100 86 60 
A85 92043 74 71 52 
A86 92082 91 73 71 
A87 505512 125 89 52 
A88 505550 114 61 35 
A89 505563 92 60 45 
64 
 
A90 505552 84 59 46 
A91 505500 83 51 50 
A92 505515 73 57 45 
A93 505505 76 53 49 
A94 505508 87 48 47 
A95 505567 94 63 44 
B1 91895 124 96 74 
B2 91859 122 98 78 
B3 91903 135 104 63 
B4 91826 143 90 70 
B5 91839 133 108 68 
B6 91808 162 104 75 
B7 92013 175 97 67 
B8 91923 179 101 68 
B9 91823 142 100 93 
B10 91833 152 93 58 
B11 91914 136 127 63 
B12 91849 146 100 77 
B13 91873 155 90 54 
B14 91873 141 90 61 
B15 91931 129 116 46 
B16 91933 127 126 93 
B17 92020 124 106 62 
B18 91945 148 114 75 
B19 92092 126 88 51 
B20 92089 115 91 57 
B21 91827 130 101 64 
B22 91877 137 115 83 
B23 92045 134 100 82 
B24 92093 111 108 69 
B25 91908 118 108 79 
B26 91841 122 92 74 
B27 91828 130 102 95 
B28 91965 153 119 87 
B29 92087 119 85 66 
B30 91894 112 82 49 
B31 91817 98 61 53 
B32 91948 111 87 51 
B33 92066 116 84 50 
B34 505528 92 73 50 
B35 91907 98 67 53 
B36 91857 117 90 67 
B37 91874 101 86 62 
B38 92073 90 79 43 
B39 91843 98 85 39 
B40 91972 105 96 57 
B41 92063 111 87 45 
B42 91821 124 80 57 
B43 92034 110 90 57 
B44 505514 94 76 62 
B45 91865 127 79 56 
B46 91984 81 60 46 
B47 92056 109 62 50 
B48 92052 131 67 61 
B49 91995 110 106 106 
B50 92079 108 78 73 
B51 91912 96 81 48 
B52 91834 130 85 55 
B53 91939 95 72 55 
B54 92023 104 69 62 
B55 92085 99 66 65 
B56 91871 90 77 55 
B57 92016 82 72 41 
B58 91883 73 67 40 
B59 92047 121 79 45 
B60 505533 159 78 54 
B61 91806 101 86 58 
B62 91831 103 62 53 
B63 91836 104 64 62 
B64 91956 109 62 50 
B65 92095 110 70 42 
B66 91928 94 83 57 
B67 92102 106 98 58 
B68 505539 87 73 48 
B69 91835 73 79 32 
B70 91872 99 83 53 
B71 91816 86 72 53 
B72 91947 93 63 50 
B73 92055 129 85 68 
B74 91861 95 79 63 
B75 91932 103 72 45 
B76 92039 79 61 39 
B77 92091 74 55 54 
B78 91949 94 84 36 
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B79 92053 75 67 54 
B80 505596 77 61 46 
B81 91868 83 56 42 
B82 505580 73 56 51 
C1 505554 74 55 55 
C2 505501 82 53 30 
C3 505541 78 62 53 
C4 91887 92 61 47 
C5 505572 63 56 34 
C6 91822 80 73 43 
 1525 
B.2: Tracer Transport Distances 1526 
 1527 
To transform total station-measured data of tracer displacement to streamwise transport 1528 
distances, I employed open-source MATLAB code called “xy2sn.” This code transforms 1529 
spatial data from Cartesian coordinates to streamwise coordinates, with a downstream 1530 
(s) and lateral (cross-channel, n) component. To determine the lateral component, I 1531 
input a digitized stream centerline for each study reach, comprised of 15-20 points 1532 
corroborated by field notes. This digitized centerline spanned the distance of tracer 1533 
displacement in each study reach by ~10 m on both ends. I input the Cartesian 1534 
coordinate data, entered in points of the centerline, and was given transformed 1535 
coordinate data for both pre and post-flood tracer locations at each reach. I then 1536 
subtracted the streamwise distance of pre-flood tracers from their post-flood locations to 1537 
compute transport distance downstream. In the rare cases that pre-flood streamwise 1538 
distance exceeded post-flood distance (always occurring within the antenna 1539 
measurement error), I considered the tracer stationary. Below are travel distances of 1540 
recovered tracers for each study reach, with tag ID and b-axis included: 1541 
 1542 
Table B2: Tracer travel distances and b-axis. 1543 
Moose (Upper Confluence) 
Tag ID 
Distance 
(m)  
b-axis 
(mm) 
91931 0 116 
92020 0 106 
91849 0 100 
91874 0 86 
505596 0 61 
92063 0.036812705 87 
91933 0.197600908 126 
91865 0.202614132 79 
92066 0.407450561 84 
91972 0.436891038 96 
91873 0.69444467 90 
91908 0.711533493 108 
505528 1.355641005 73 
91834 1.762526078 85 
91903 2.740595949 104 
91907 2.786581622 67 
91806 2.847744505 86 
505539 3.003047037 73 
91835 3.152198749 79 
91827 3.407106191 101 
92092 3.529811931 88 
91821 3.554825633 80 
91956 3.623496395 62 
91868 3.741332386 56 
91947 4.011703638 63 
92093 5.353896912 108 
91836 5.69644086 64 
505514 5.777300199 76 
92023 6.211564997 69 
91914 6.668304629 127 
92053 7.376546562 67 
92052 7.40536663 67 
91965 7.828696368 119 
91859 9.803535404 98 
92007 9.953617009 92 
91912 11.1505255 81 
91928 11.45918307 83 
505587 11.96036949 94 
91843 12.31107022 85 
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91949 12.60246566 84 
92095 12.77038022 70 
91895 12.95362139 96 
91970 12.97280357 76 
92102 13.19872572 98 
92055 14.39420107 85 
91995 14.53000367 106 
91945 16.85797921 114 
91950 17.0126071 92 
91922 17.05861204 61 
91823 18.28055801 100 
91828 19.98242936 102 
91841 23.69919805 92 
91932 24.50037737 72 
 1544 
Martin (Upper Confluence) 
Tag ID 
Distance 
(m) 
b-axis 
(mm) 
505586 0 66 
92054 0 75 
91879 0 104 
91864 0 94 
91824 0 86 
505550 0.182182458 61 
92096 0.261347026 70 
91957 0.376928031 85 
91934 0.462318936 77 
505513 0.554611975 83 
505508 0.616076126 48 
91891 0.61909741 96 
505598 0.788572843 75 
91853 0.843763754 83 
91906 1.182077257 112 
91837 1.486420546 82 
91953 1.536426224 99 
92008 1.686248201 72 
91911 1.912599143 91 
91999 2.134782245 96 
91844 2.295735797 85 
91846 2.819735622 80 
91807 3.421876766 73 
91900 3.82637147 100 
91825 3.868060995 97 
505553 3.922328375 84 
505504 4.378079035 74 
91915 4.522533944 80 
92082 4.977485017 73 
92010 5.444528188 72 
92043 5.482905105 71 
92078 5.828849476 83 
91978 6.08179741 65 
91805 6.233014044 109 
505500 6.388382402 51 
91943 6.827878157 63 
505512 7.699939563 89 
91901 8.384096964 93 
505573 10.01480569 69 
91897 11.00338078 69 
505568 11.1725396 94 
92027 20.66571535 83 
 1545 
Control Reach 
 
Tag ID 
Distance 
(m) 
b-axis 
(mm) 
505477 0 122 
92026 0 106 
505579 0 95 
91946 0.015083635 75 
505450 0.0476345 136 
91838 0.076169161 73 
92014 0.084318164 83 
505562 0.088732024 90 
505575 0.102722233 90 
92046 0.122570745 96 
505507 0.138548855 83 
505564 0.1677173 63 
92051 0.269009107 108 
91878 0.280702449 104 
91904 0.369626511 84 
505546 0.375785641 86 
505415 0.411380193 118 
92036 0.435684434 80 
91913 0.559545134 72 
91960 0.577712945 125 
505464 0.635408168 114 
91991 0.636307189 93 
91847 0.660026786 87 
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91921 0.678794628 86 
505426 0.679532148 116 
505599 0.690396592 75 
91845 0.698810989 77 
92057 0.705463662 97 
91812 0.74172903 112 
505476 0.779488018 109 
91959 0.847206059 85 
505444 0.851942 110 
92030 1.021054276 90 
92086 1.034919276 82 
505487 1.094466348 112 
91924 1.100923734 83 
505403 1.141378547 119 
505536 1.168160505 87 
91916 1.336100289 63 
505577 1.404613134 101 
91842 1.643447785 106 
91870 2.03226141 113 
91854 2.188931015 65 
91930 2.53114663 74 
505578 2.695261931 88 
92004 2.712603634 88 
91881 2.903639454 99 
92012 2.90448153 90 
92050 2.948186173 84 
505453 2.987763379 106 
92011 3.019787516 93 
505486 3.080987343 127 
505592 3.088316677 71 
92003 3.801561025 112 
505501 3.927402295 53 
92032 4.172149081 110 
91964 4.560100029 108 
91862 4.711828095 63 
505430 4.716509851 111 
91898 4.937265459 70 
505555 5.146234682 96 
91926 5.751073504 76 
505432 6.504183541 107 
91980 7.219374729 88 
505462 7.651255062 116 
91885 8.187845979 80 
505480 8.216266314 105 
92042 8.299124846 78 
91848 8.484384885 90 
91893 9.077394514 80 
91977 9.413324139 90 
92048 9.776569818 80 
505530 10.4284433 80 
91979 11.03922476 95 
92076 11.17093847 79 
91822 13.29156014 73 
505535 13.68058785 71 
505554 13.85853625 55 
91887 14.27749685 61 
91888 16.69493496 84 
92009 18.50766884 62 
91993 22.39494661 101 
505582 22.71248946 76 
 1546 
Martin (Lower Confluence) 
Tag ID 
Distance 
(m) 
b-axis 
(mm) 
505472 0.033514869 83 
91976 0.073507319 92 
91981 0.112208469 118 
505448 0.117223244 128 
505425 0.124450089 69 
505417 0.162344693 106 
92037 0.167305476 85 
92060 0.176213863 134 
505495 0.247201879 117 
505463 0.30479189 88 
505458 0.332113379 90 
92000 0.336636675 90 
505451 0.358467992 87 
505410 0.380081628 91 
505419 0.429878296 113 
92017 0.525142257 73 
505485 0.579277522 87 
505447 0.591287242 89 
505405 0.876827589 116 
505471 0.891230408 123 
91975 0.906418695 118 
92100 1.040192589 110 
505454 1.049691051 95 
505491 1.132848986 120 
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92077 1.143994267 77 
505468 1.178592624 66 
505400 1.266012306 93 
505416 1.519628755 72 
505433 1.59991001 71 
505449 1.670419468 76 
505401 1.699266775 88 
505457 1.699899687 89 
505483 1.825174081 125 
505423 1.872182002 95 
91994 1.887114737 87 
505478 1.92277858 97 
505499 2.698834335 94 
505473 2.900905167 89 
505455 3.157237305 131 
505414 4.028443106 75 
505474 4.676109336 84 
91997 4.744891279 91 
505424 5.978990725 100 
92084 7.674316602 101 
92081 10.02234589 80 
92058 10.12828928 75 
92001 10.79266351 98 
505411 11.2728918 78 
505479 11.92879284 92 
92059 13.99439951 110 
92031 14.51851854 70 
505496 20.66898405 87 
505413 21.19959186 106 
505475 25.50769169 63 
505435 26.07756964 89 
92104 29.41684068 106 
505427 30.23917953 81 
505497 33.15420493 77 
505543 34.14322116 58 
505461 36.93811186 102 
505412 37.73035948 80 
505465 38.11655376 80 
505446 38.45873421 97 
505422 39.51520321 96 
505436 44.38815713 74 
505460 50.67920598 88 
505404 54.58097353 76 
505459 59.75126694 99 
505402 62.06062812 96 
505493 70.04502115 80 
505439 132.9343474 80 
 1547 
East Fork Bitterroot (Lower 
Confluence) 
Tag ID 
Distance 
(m) 
b-axis 
(mm) 
92038 0.039514149 82 
505551 0.042866227 88 
505428 0.075795426 116 
91902 0.210329504 112 
91988 0.295008514 108 
505466 0.316828895 129 
91856 0.325525154 59 
505484 0.382903102 137 
505442 0.497580914 134 
91998 0.506636937 136 
91860 0.5125801 64 
91938 0.760114961 83 
92061 0.905012776 74 
505517 0.969590026 90 
505540 1.030927565 63 
505557 1.634689824 82 
91867 1.949073545 59 
91992 1.982538779 115 
505559 2.864336033 92 
91963 3.447076808 87 
91952 4.964668785 123 
91942 5.786167517 99 
92015 6.049609817 83 
505498 6.691916904 100 
91925 9.866634039 93 
92041 11.02384787 87 
505489 11.76156446 144 
92021 11.8982178 76 
505420 18.32182003 89 
91985 19.16403712 113 
92018 24.67134014 77 
91920 25.39329701 63 
505506 25.81057632 77 
91899 26.4604897 70 
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505482 27.2367762 108 
91830 27.42567608 75 
91955 28.95972257 103 
505576 29.23563354 92 
91851 29.27049301 64 
92033 30.52809231 89 
505594 30.88067127 74 
91986 35.26524005 90 
91855 35.58078199 108 
505525 37.19736905 80 
92072 39.51612103 77 
92071 40.72111846 102 
91917 42.12935615 100 
91832 43.70330421 83 
91987 44.33361143 98 
92094 46.06741714 81 
91973 49.85692541 108 
92097 51.22010005 86 
92075 52.04578557 84 
505467 52.29749132 112 
91961 62.10177374 79 
91884 64.59294069 112 
91940 68.33480816 125 
505523 76.65873118 79 
91810 80.88075273 96 
92088 82.0932576 84 
92074 83.06702228 124 
92002 89.39324046 76 
92019 98.71770449 99 
505534 102.3093402 77 
91875 103.33298 79 
505520 141.3000116 69 
91876 149.4204176 79 
91990 159.5525366 73 
505560 172.6412499 82 
505597 182.9837278 88 
505544 183.357114 74 
92065 193.5316057 86 
91819 203.1918228 83 
92040 211.5879461 77 
 1548 
Table B3: Previous experiments using RFID tracking technology in gravel-bed river settings. 1549 
Reference Study Site n S (%) D50b (m) D50t (m) # 
Events 
Model Fitting 
Nichols (2004) Walnut Gulch 124 2.9-3.6 n/a 0.058 4 No 
Lamarre et al. (2005) Moras Creek 204 2.30 0.070 0.04-0.25 2 No 
Carre et al. (2007) Nicolet River 110 n/a 0.090 0.64-0.25 3 No 
Lamarre and Roy (2008) Spruce Creek 196 14.0 ~0.090 0.086 5 No 
Carmenen et al. (2010) Arc River 300 0.2-1.0 n/a n/a 3 No 
Schneider et al. (2010) Erlenbach Stream 495 17.0 n/a n/a 8 No 
MacVicar and Roy (2011) Moras Creek 299 1.20 0.060 0.04-0.36 5 No 
Biron et al. (2012) Nicolet River 169 0.150 0.039 0.05-0.15 n/a No 
Bradley and Tucker (2012) Halfmoon Creek 893 1.0 0.060 0.060 4 Yes, Gamma-
Exponential 
Houbrechts et al. (2012) Aisne River 1500 0.47 0.092 0.080 7 No 
Líebault et al. (2012) Bouinec Torrent 451 1.60 0.020 0.053 3 Yes, Power-law 
Phillips et al. (2013) Mameyes River 300 0.78 0.120 0.125 6 Yes, Exponential 
Milan (2013) River Rede 98 0.60 0.081 0.078 8 No 
Chapuis et al. (2015) Durance River 232 0.23 0.040 0.049 1 No 
Imhoff (2015) E. Fork Bitterroot 428 1.5-2.9 ~0.070 0.079 1 Yes 
 1550 
 1551 
70 
 
Appendix C: Analyses 1552 
 1553 
C.1: Description of Stochastic Sediment Transport Models 1554 
 1555 
The models I use to describe sediment dispersion describe probability distributions of 1556 
step length and rest period for an ensemble of particle grains. By treating the number of 1557 
steps taken by a particle as a discrete random variable, N(t), the total displacement after 1558 
an elapsed time X(t) is:   1559 
 1560 
𝑋(𝑡) =  ∑ 𝑌𝑖 , 𝑡 > 0
𝑁(𝑡)
𝑖−1
 
 1561 
where Yi denotes the length of each step and X(t) the displacement of a grain after time 1562 
t. Yi is treated as a random variable. Considering the N(t) as a random variable is 1563 
equivalent to adding rests of a random duration between particle steps (Bradley and 1564 
Tucker, 2012). In doing so, N(t) follows a Poisson distribution with the probability mass 1565 
function: 1566 
 1567 
Pr{𝑁(𝑡)} =  
(𝑘2)
𝑛
𝑛!
𝑒−𝑘2𝑡 
 1568 
where k2 is a rate parameter associated with an exponentially-distributed waiting time 1569 
distribution. Because I assume the number of steps taken up to time t to be a Poisson 1570 
process, the probability distribution of resting times between steps therefore has the 1571 
density function: 1572 
 1573 
𝑝(𝑡) =  𝑘2𝑒
−𝑘2𝑡 
 1574 
where 1/k2 is the average duration of a rest and its inverse (k2) an entrainment 1575 
probability. It is therefore assumed that step lengths and rest periods are random and 1576 
are described by exponentially-distributed distributions – a compound Poisson process. 1577 
Both of the stochastic sediment transport models described herein assume a compound 1578 
Poisson distribution of step length and rest period. The first is the Einstein-Hubbell-1579 
Sayre (EHS) model (Hubbell and Sayre, 1964), which predicts that a streamwise, one-1580 
dimensional probability density function (PDF) of tracers is: 1581 
 1582 
𝑓𝑡(𝑥) =  𝑘1𝑒
−𝑘1𝑥−𝑘2𝑡√
𝑘2𝑡
𝑘1𝑥
𝐼1(𝑘1𝑥𝑘2𝑡) 
 1583 
where t is the time above the threshold for particle motion and I1 a modified Bessel 1584 
function of the first kind of order one. Multiplied by dx, this equation predicts the fraction 1585 
of particles in a tracer population in the distance interval x to x + dx at time t (Bradley 1586 
and Tucker, 2012). The EHS model only applies when all particles in a population have 1587 
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taken at least one step, though the density function can be normalized by considering 1588 
the fraction of the tracer population that remains at the origin: 1589 
 1590 
𝑓(0) =  𝑒−𝑘2𝑡 
 1591 
where f(0) denotes the fraction of tracers remaining at the origin. Using this dispersion 1592 
model requires estimates of mean particle step length and rest period, the latter of 1593 
which is nearly impossible to measure in field settings but has been observed in a flume 1594 
setting (Hubbell and Sayre, 1964). Because the distribution of step lengths is 1595 
exponential, the fraction of tracers in successively farther-traveling bins decreases 1596 
monotonically. 1597 
 1598 
 The second model I use is the Gamma-Exponential model (GEM; Yang and Sayre, 1599 
1971). It differs from the EHS model by applying a gamma distribution to step lengths 1600 
instead of an exponential distribution, while continuing to assume exponentially-1601 
distributed rest periods. The GEM has the PDF: 1602 
 1603 
𝑔𝑡(𝑡) = 𝑘1𝑒
−𝑘1𝑥−𝑘2𝑡 ∑
(𝑘1𝑥)
𝑛𝑟−1
Г(𝑛𝑟)
(𝑘2𝑡)
𝑛
𝑛!
∞
𝑛=1
  
 1604 
where r is the shape parameter of the gamma distribution of step lengths. Values of r 1605 
can be any number greater than zero; I manually checked values between 0 and 5 to 1606 
determining the best fit (after Bradley and Tucker, 2012).  1607 
 1608 
The EHS model has three parameters: mean step length (1/k1), mean resting time 1609 
(1/k2), and dispersion time (t). The GEM adds a fourth, a shape parameter (r) that 1610 
affects the shape of the gamma distribution of step lengths in peak and rate of decay. 1611 
The value of r is flexible and can be adjusted to peak or decrease faster than the 1612 
exponential.  The difference in how the EHS and GEM models treat the distribution of 1613 
step lengths is the primary difference between the two, as seen in Figure 20.  1614 
 1615 
C.2: Estimates of Critical Shields Number 1616 
 1617 
Below are the calculations used for the lower (Mueller) and upper (Recking) estimates 1618 
of critical Shields number at each study reach – four confluence seed reaches (tributary 1619 
and mainstem for each) and the control reach. I chose these two methods as they 1620 
provide a bracket of the highest and lowest estimates of critical Shields number I could 1621 
obtain from published literature in steep, gravel-bed systems similar to the study site. I 1622 
assumed the true value to fall between these two estimates. 1623 
 1624 
i). Mueller Estimate  1625 
 1626 
Equation:  𝜏𝑐
∗ ~ 𝜏𝑟
∗  = 2.18𝑆 + 0.021 1627 
 1628 
Notation: 1629 
𝜏𝑐
∗ = Critical Shields number 1630 
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𝜏𝑟
∗ = Reference dimensionless shear stress 1631 
S  = Channel gradient  1632 
 1633 
Mueller et al. (2005) define the reference dimensionless shear stress as the point where 1634 
there is a very small, non-zero transport rate, a value that others (e.g., Bradley and 1635 
Tucker, 2012) assume to be approximate of the true critical Shields number for coarse 1636 
gravel and cobble particles. For each seed reach I measured the channel gradient of 1637 
the thalweg during the initial bed topography survey. This gradient was input to the 1638 
equation to produce Mueller estimates of critical Shields number: 1639 
 1640 
i.1). Moose Creek (Upper confluence tributary) 1641 
 1642 
𝜏𝑐
∗  = 2.18(0.0185) + 0.021 = 𝟎. 𝟎𝟔𝟏 
 1643 
i.2). Martin Creek (Upper confluence mainstem) 1644 
 1645 
𝜏𝑐
∗  = 2.18(0.029) + 0.021 = 𝟎. 𝟎𝟖𝟒 
 1646 
i.3). Martin Creek (Control reach) 1647 
 1648 
𝜏𝑐
∗  = 2.18(0.0164) + 0.021 = 𝟎. 𝟎𝟓𝟕 
 1649 
i.4). Martin Creek (Upper confluence tributary) 1650 
 1651 
𝜏𝑐
∗  = 2.18(0.0168) + 0.021 = 𝟎. 𝟎𝟓𝟕 
 1652 
i.5). East Fork Bitterroot River (Upper confluence mainstem) 1653 
 1654 
𝜏𝑐
∗  = 2.18(0.0163) + 0.021 = 𝟎. 𝟎𝟓𝟔 
 1655 
 1656 
ii). Recking Estimate  1657 
 1658 
Equation:  𝜏𝑐
∗ ~ 𝜏𝑚
∗  = (5𝑆 + 0.06)(
𝐷84
𝐷50
)4.4√𝑆−1.5 1659 
 1660 
Notation: 1661 
𝜏𝑐
∗  = Critical Shields number 1662 
𝜏𝑚
∗  = Mobility shear stress 1663 
S = Channel gradient  1664 
D84 = Particle b-axis size for which 84% of reach particles are smaller (m) 1665 
D50 = Median grain b-axis size (m) 1666 
  1667 
Recking (2013) merged two asymptotic branches of a nonlinear relationship between 1668 
grain size and critical Shields number to create a single continuous function that 1669 
matches particle entrainment and sediment transport measurements. This work used a 1670 
series of steep, mountainous streams to develop the relation, including Halfmoon Creek 1671 
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from Mueller et al. (2005). The relation only uses D50, D84, and S as inputs to estimate 1672 
the reach-average threshold of gravel entrainment using (Equation 12, Recking 2013), 1673 
and I apply this equation to estimate the threshold of motion for the tracer particles:  1674 
 1675 
i.1). Moose Creek (Upper confluence tributary) 1676 
 1677 
𝜏𝑐
∗  = (5(0.0185)) + 0.06) (
0.10
0.052
)
4.4√0.0185−1.5
= 𝟎. 𝟎𝟖𝟒 
 1678 
i.2). Martin Creek (Upper confluence mainstem) 1679 
 1680 
𝜏𝑐
∗  = (5(0.029)) + 0.06) (
0.147
0.064
)
4.4√0.029−1.5
= 𝟎. 𝟏𝟎𝟗 
 1681 
i.3). Martin Creek (Control reach) 1682 
 1683 
𝜏𝑐
∗  = (5(0.0164)) + 0.06) (
0.125
0.057
)
4.4√0.0164−1.5
= 𝟎. 𝟎𝟔𝟖 
 1684 
i.4). Martin Creek (Upper confluence tributary) 1685 
 1686 
𝜏𝑐
∗  = (5(0.0168)) + 0.06) (
0.117
0.068
)
4.4√0.0168−1.5
= 𝟎. 𝟎𝟖𝟔 
 1687 
i.5). East Fork Bitterroot River (Upper confluence mainstem) 1688 
 1689 
𝜏𝑐
∗  = (5(0.0163)) + 0.06) (
0.137
0.069
)
4.4√0.0163−1.5
= 𝟎. 𝟎𝟕𝟒 
 1690 
C.3: Dimensionless Impulse (I*) 1691 
 1692 
My incipient motion estimates from C.2 were paired with seed reach cross-sections 1693 
(A.2.iii) and flow data (A.3) through the calculation of the dimensionless impulse, I*. 1694 
Given the two estimates of critical Shields number for reach seed reach, I converted 1695 
that value to an actual shear stress and identified the water surface elevations at each 1696 
pressure transducer that correspond with the critical hydraulic radius (Rc) experiencing 1697 
that shear stress. Rc was transformed to hydraulic radius using cross-sectional data, 1698 
and used to calculate critical shear velocity values corresponding with incipient motion 1699 
estimates.  1700 
 1701 
At each seed reach the implanted pressure transducer measured water surface 1702 
elevations at 30-minute (1800 second) intervals (“cells”). Integration of all cells where 1703 
the shear velocity exceeded the critical shear velocity is the basis of the impulse 1704 
calculation: 1705 
 1706 
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Equation:  I∗ =  ∫
(U∗− Uc
∗)dt
D50
tf
ti
 , U∗ >  Uc
∗ 1707 
 1708 
Notation: 1709 
𝐼∗ = Critical Shields number 1710 
𝑡𝑖 = initial time above threshold 1711 
𝑡𝑓 = final time above threshold 1712 
𝑈∗= shear velocity (m/s) 1713 
𝑈𝑐
∗ = critical shear velocity (m/s) 1714 
D50 = Median grain b-axis size (m) 1715 
 1716 
Once integration occurs, dt becomes t and the impulse becomes dimensionless. I 1717 
avoided pure forward or backward numerical integration, at the recommendation of 1718 
Phillips et al. (2013), and instead took the average of (U*-U*c)/D50 from two adjacent 1719 
time cells and multiplying that by the time difference between them (1800 seconds). 1720 
This is analogous to the trapezoidal rule. Below is an example of an excel spreadsheet 1721 
calculating cumulative impulse for the Control reach, using the Recking estimate of 1722 
critical Shields number:  1723 
 1724 
 1725 
Transducer Depth 
(m) Avg. Channel Depth (m) U* U*-U*c Avg U*-U*c/D50 Cell I* Total I* 
0.705102041 0.514102041 0.287595 0.037595 0.610766647 1099.38 88430.33 
0.685408163 0.494408163 0.282033 0.032033 0.557630742 1003.735 
 
0.683673469 0.492673469 0.281537 0.031537 0.549703709 989.4667 
 
0.682244898 0.491244898 0.281129 0.031129 0.545864473 982.5561 
 
0.682142857 0.491142857 0.2811 0.0311 0.545095989 981.1728 
 
0.681938776 0.490938776 0.281041 0.031041 0.543814914 978.8668 
 
0.681632653 0.490632653 0.280954 0.030954 0.534059951 961.3079 
 
0.678061224 0.487061224 0.279929 0.029929 0.524044621 943.2803 
 
0.677653061 0.486653061 0.279812 0.029812 0.523015529 941.428 
 
0.677653061 0.486653061 0.279812 0.029812 0.519152581 934.4746 
 
0.676122449 0.485122449 0.279372 0.029372 0.509612935 917.3033 
 
0.673877551 0.482877551 0.278724 0.028724 0.501610149 902.8983 
 
0.672959184 0.481959184 0.278459 0.028459 0.495402317 891.7242 
 
0.671428571 0.480428571 0.278017 0.028017 0.489706976 881.4726 
 
0.670714286 0.479714286 0.27781 0.02781 0.482704223 868.8676 
 
0.668673469 0.477673469 0.277218 0.027218 0.4754363 855.7853 
 
0.667857143 0.476857143 0.276981 0.026981 0.465024625 837.0443 
 
0.664591837 0.473591837 0.276031 0.026031 0.45355947 816.407 
 
0.663367347 0.472367347 0.275674 0.025674 0.449382242 808.888 
 
0.662959184 0.471959184 0.275555 0.025555 0.448075943 806.5367 
 
0.662857143 0.471857143 0.275525 0.025525 0.445461506 801.8307 
 
0.661938776 0.470938776 0.275257 0.025257 0.440752968 793.3553 
 
0.661020408 0.470020408 0.274989 0.024989 0.434204455 781.568 
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0.659387755 0.468387755 0.274511 0.024511 0.425810949 766.4597 
 
0.657755102 0.466755102 0.274032 0.024032 0.418718495 753.6933 
 
0.656632653 0.465632653 0.273702 0.023702 0.406865296 732.3575 
 
0.653163265 0.462163265 0.272681 0.022681 0.392087814 705.7581 
 
0.650918367 0.459918367 0.272017 0.022017 0.385742028 694.3357 
 
0.650714286 0.459714286 0.271957 0.021957 0.382563504 688.6143 
 
0.649693878 0.458693878 0.271655 0.021655 0.378853986 681.9372 
 
0.649285714 0.458285714 0.271534 0.021534 0.377528346 679.551 
 
0.649183673 0.458183673 0.271504 0.021504 0.376467423 677.6414 
 
0.648877551 0.457877551 0.271413 0.021413 0.373813932 672.8651 
 
0.648163265 0.457163265 0.271202 0.021202 0.366374188 659.4735 
 
0.646020408 0.455020408 0.270565 0.020565 0.3607922 649.426 
 
0.646020408 0.455020408 0.270565 0.020565 0.359461219 647.0302 
 
0.645510204 0.454510204 0.270413 0.020413 0.357597636 643.6757 
 
0.645306122 0.454306122 0.270353 0.020353 0.348794361 627.8298 
 
0.642142857 0.451142857 0.26941 0.01941 0.338919567 610.0552 
 
0.641530612 0.450530612 0.269227 0.019227 0.337047986 606.6864 
 
0.641428571 0.450428571 0.269196 0.019196 0.336513038 605.7235 
 
0.641326531 0.450326531 0.269166 0.019166 0.335710479 604.2789 
 
0.641122449 0.450122449 0.269105 0.019105 0.335175408 603.3157 
 
0.641122449 0.450122449 0.269105 0.019105 0.334372576 601.8706 
 
0.640816327 0.449816327 0.269013 0.019013 0.332498873 598.498 
 
0.640408163 0.449408163 0.268891 0.018891 0.328480601 591.2651 
 
0.639285714 0.448285714 0.268555 0.018555 0.322582108 580.6478 
 
0.638163265 0.447163265 0.268219 0.018219 0.31936255 574.8526 
 
0.638061224 0.447061224 0.268188 0.018188 0.318825592 573.8861 
 
0.637959184 0.446959184 0.268158 0.018158 0.314794939 566.6309 
 
0.636530612 0.445530612 0.267729 0.017729 0.310225819 558.4065 
 
0.63622449 0.44522449 0.267637 0.017637 0.303492648 546.2868 
 
0.633979592 0.442979592 0.266961 0.016961 0.296757152 534.1629 
 
0.633673469 0.442673469 0.266869 0.016869 0.295947869 532.7062 
 
0.633673469 0.442673469 0.266869 0.016869 0.295678048 532.2205 
 
0.633571429 0.442571429 0.266838 0.016838 0.294868487 530.7633 
 
0.633367347 0.442367347 0.266777 0.016777 0.291628183 524.9307 
 
0.632346939 0.441346939 0.266469 0.016469 0.288657389 519.5833 
 
0.632244898 0.441244898 0.266438 0.016438 0.286224209 515.2036 
 
0.631428571 0.440428571 0.266191 0.016191 0.28297903 509.3623 
 
0.631020408 0.440020408 0.266068 0.016068 0.281084805 505.9526 
 
0.630714286 0.439714286 0.265976 0.015976 0.27837704 501.0787 
 
0.63 0.439 0.265759 0.015759 0.27512621 495.2272 
 
0.629489796 0.438489796 0.265605 0.015605 0.273771148 492.7881 
 
0.629489796 0.438489796 0.265605 0.015605 0.27295773 491.3239 
 
0.629183673 0.438183673 0.265512 0.015512 0.271059316 487.9068 
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0.62877551 0.43777551 0.265389 0.015389 0.268617362 483.5113 
 
0.628265306 0.437265306 0.265234 0.015234 0.267260404 481.0687 
 
0.628265306 0.437265306 0.265234 0.015234 0.265087625 477.1577 
 
0.62744898 0.43644898 0.264986 0.014986 0.262099528 471.7792 
 
0.627142857 0.436142857 0.264893 0.014893 0.260468609 468.8435 
 
0.626836735 0.435836735 0.2648 0.0148 0.259381076 466.8859 
 
0.626734694 0.435734694 0.264769 0.014769 0.258837181 465.9069 
 
0.626632653 0.435632653 0.264738 0.014738 0.258021195 464.4382 
 
0.626428571 0.435428571 0.264676 0.014676 0.25611656 461.0098 
 
0.625918367 0.434918367 0.264521 0.014521 0.253666885 456.6004 
 
0.625510204 0.434510204 0.264397 0.014397 0.252305475 454.1499 
 
0.625408163 0.434408163 0.264366 0.014366 0.25176075 453.1693 
 
0.625306122 0.434306122 0.264335 0.014335 0.251488371 452.6791 
 
0.625306122 0.434306122 0.264335 0.014335 0.250943521 451.6983 
 
0.625102041 0.434102041 0.264273 0.014273 0.25039867 450.7176 
 
0.625102041 0.434102041 0.264273 0.014273 0.249308583 448.7554 
 
0.624693878 0.433693878 0.264148 0.014148 0.247673258 445.8119 
 
0.624489796 0.433489796 0.264086 0.014086 0.24712802 444.8304 
 
0.624489796 0.433489796 0.264086 0.014086 0.245764367 442.3759 
 
0.623979592 0.432979592 0.263931 0.013931 0.243855027 438.939 
 
0.62377551 0.43277551 0.263869 0.013869 0.24249057 436.483 
 
0.623469388 0.432469388 0.263775 0.013775 0.241398813 434.5179 
 
0.623367347 0.432367347 0.263744 0.013744 0.239214005 430.5852 
 
0.622653061 0.431653061 0.263526 0.013526 0.23702894 426.6521 
 
0.62255102 0.43155102 0.263495 0.013495 0.233747853 420.7461 
 
0.621428571 0.430428571 0.263152 0.013152 0.227728248 409.9108 
 
0.620306122 0.429306122 0.262809 0.012809 0.223894411 403.0099 
 
0.62 0.429 0.262715 0.012715 0.221975785 399.5564 
 
0.619591837 0.428591837 0.26259 0.01259 0.22060501 397.089 
 
0.619489796 0.428489796 0.262559 0.012559 0.220330789 396.5954 
 
0.619489796 0.428489796 0.262559 0.012559 0.218959199 394.1266 
 
0.618979592 0.427979592 0.262402 0.012402 0.2162152 389.1874 
 
0.618469388 0.427469388 0.262246 0.012246 0.214568211 386.2228 
 
0.618367347 0.427367347 0.262215 0.012215 0.213469692 384.2454 
 
0.618061224 0.427061224 0.262121 0.012121 0.2120963 381.7733 
 
0.617857143 0.426857143 0.262058 0.012058 0.20934771 376.8259 
 
0.617040816 0.426040816 0.261807 0.011807 0.207148573 372.8674 
 
0.617040816 0.426040816 0.261807 0.011807 0.206873535 372.3724 
 
0.616938776 0.425938776 0.261776 0.011776 0.205773178 370.3917 
 
0.616632653 0.425632653 0.261682 0.011682 0.204947859 368.9061 
 
0.616632653 0.425632653 0.261682 0.011682 0.204672686 368.4108 
 
0.616530612 0.425530612 0.261651 0.011651 0.204122308 367.4202 
 
0.616428571 0.425428571 0.261619 0.011619 0.202470583 364.4471 
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0.615918367 0.424918367 0.261462 0.011462 0.201094064 361.9693 
 
0.615918367 0.424918367 0.261462 0.011462 0.200543226 360.9778 
 
0.615714286 0.424714286 0.2614 0.0114 0.198063408 356.5141 
 
0.615 0.424 0.26118 0.01118 0.194479721 350.0635 
 
0.614387755 0.423387755 0.260991 0.010991 0.19144518 344.6013 
 
0.613877551 0.422877551 0.260834 0.010834 0.186473871 335.653 
 
0.61255102 0.42155102 0.260424 0.010424 0.182052796 327.695 
 
0.612244898 0.421244898 0.26033 0.01033 0.179563081 323.2135 
 
0.611632653 0.420632653 0.26014 0.01014 0.177072462 318.7304 
 
0.611326531 0.420326531 0.260046 0.010046 0.175134136 315.2414 
 
0.610918367 0.419918367 0.25992 0.00992 0.173749283 312.7487 
 
0.610816327 0.419816327 0.259888 0.009888 0.173195174 311.7513 
 
0.610714286 0.419714286 0.259856 0.009856 0.171809476 309.2571 
 
0.610306122 0.419306122 0.25973 0.00973 0.169869029 305.7643 
 
0.61 0.419 0.259635 0.009635 0.16792764 302.2698 
 
0.609591837 0.418591837 0.259509 0.009509 0.166263084 299.2736 
 
0.609387755 0.418387755 0.259445 0.009445 0.164875362 296.7757 
 
0.609081633 0.418081633 0.25935 0.00935 0.163764982 294.777 
 
0.608979592 0.417979592 0.259319 0.009319 0.163209655 293.7774 
 
0.608877551 0.417877551 0.259287 0.009287 0.16265426 292.7777 
 
0.60877551 0.41777551 0.259255 0.009255 0.161265352 290.2776 
 
0.608367347 0.417367347 0.259129 0.009129 0.160154158 288.2775 
 
0.608367347 0.417367347 0.259129 0.009129 0.159876274 287.7773 
 
0.608265306 0.417265306 0.259097 0.009097 0.159320472 286.7768 
 
0.608163265 0.417163265 0.259065 0.009065 0.158208599 284.7755 
 
0.607857143 0.416857143 0.25897 0.00897 0.156262225 281.272 
 
0.60744898 0.41644898 0.258844 0.008844 0.154593393 278.2681 
 
0.607244898 0.416244898 0.25878 0.00878 0.15375872 276.7657 
 
0.607142857 0.416142857 0.258748 0.008748 0.152923845 275.2629 
 
0.606938776 0.415938776 0.258685 0.008685 0.152088867 273.76 
 
0.606836735 0.415836735 0.258653 0.008653 0.151253682 272.2566 
 
0.606632653 0.415632653 0.25859 0.00859 0.150139897 270.2518 
 
0.606428571 0.415428571 0.258526 0.008526 0.148468606 267.2435 
 
0.606020408 0.415020408 0.258399 0.008399 0.147075607 264.7361 
 
0.605918367 0.414918367 0.258367 0.008367 0.146518238 263.7328 
 
0.605816327 0.414816327 0.258336 0.008336 0.145960801 262.7294 
 
0.605714286 0.414714286 0.258304 0.008304 0.145124486 261.2241 
 
0.605510204 0.414510204 0.25824 0.00824 0.14233523 256.2034 
 
0.604693878 0.413693878 0.257986 0.007986 0.139266103 250.679 
 
0.604387755 0.413387755 0.25789 0.00789 0.136193945 245.1491 
 
0.603571429 0.412571429 0.257636 0.007636 0.133679741 240.6235 
 
0.603469388 0.412469388 0.257604 0.007604 0.131442818 236.5971 
 
0.602755102 0.411755102 0.257381 0.007381 0.128925811 232.0665 
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0.60255102 0.41155102 0.257317 0.007317 0.127526608 229.5479 
 
0.602244898 0.411244898 0.257221 0.007221 0.126407039 227.5327 
 
0.602142857 0.411142857 0.257189 0.007189 0.125847114 226.5248 
 
0.602040816 0.411040816 0.257157 0.007157 0.124446869 224.0044 
 
0.601632653 0.410632653 0.25703 0.00703 0.122766262 220.9793 
 
0.601428571 0.410428571 0.256966 0.006966 0.121925699 219.4663 
 
0.601326531 0.410326531 0.256934 0.006934 0.12136522 218.4574 
 
0.60122449 0.41022449 0.256902 0.006902 0.120243978 216.4392 
 
0.600918367 0.409918367 0.256806 0.006806 0.118281196 212.9062 
 
0.600510204 0.409510204 0.256678 0.006678 0.11687886 210.3819 
 
0.600408163 0.409408163 0.256646 0.006646 0.115475825 207.8565 
 
0.6 0.409 0.256518 0.006518 0.114353328 205.836 
 
0.6 0.409 0.256518 0.006518 0.114353328 205.836 
 
0.6 0.409 0.256518 0.006518 0.114072616 205.3307 
 
0.599897959 0.408897959 0.256486 0.006486 0.113511156 204.3201 
 
0.599795918 0.408795918 0.256454 0.006454 0.11154519 200.7813 
 
0.599183673 0.408183673 0.256262 0.006262 0.109578981 197.2422 
 
0.599081633 0.408081633 0.25623 0.00623 0.108173667 194.7126 
 
0.598673469 0.407673469 0.256102 0.006102 0.107049343 192.6888 
 
0.598673469 0.407673469 0.256102 0.006102 0.107049343 192.6888 
 
0.598673469 0.407673469 0.256102 0.006102 0.106486973 191.6766 
 
0.598469388 0.407469388 0.256038 0.006038 0.102547409 184.5853 
 
0.597244898 0.406244898 0.255653 0.005653 0.094659364 170.3869 
 
0.595612245 0.404612245 0.255138 0.005138 0.089019379 160.2349 
 
0.595204082 0.404204082 0.25501 0.00501 0.087043019 156.6774 
 
0.594897959 0.403897959 0.254913 0.004913 0.0856308 154.1354 
 
0.594693878 0.403693878 0.254849 0.004849 0.084218045 151.5925 
 
0.594387755 0.403387755 0.254752 0.004752 0.083370283 150.0665 
 
0.594387755 0.403387755 0.254752 0.004752 0.083087624 149.5577 
 
0.594285714 0.403285714 0.25472 0.00472 0.080542413 144.9763 
 
0.593469388 0.402469388 0.254462 0.004462 0.077996879 140.3944 
 
0.593367347 0.402367347 0.25443 0.00443 0.075165457 135.2978 
 
0.59244898 0.40144898 0.254139 0.004139 0.072333676 130.2006 
 
0.592346939 0.401346939 0.254107 0.004107 0.071200098 128.1602 
 
0.592040816 0.401040816 0.25401 0.00401 0.069782857 125.6091 
 
0.591836735 0.400836735 0.253945 0.003945 0.069215854 124.5885 
 
0.591836735 0.400836735 0.253945 0.003945 0.069215854 124.5885 
 
0.591836735 0.400836735 0.253945 0.003945 0.067513974 121.5252 
 
0.59122449 0.40022449 0.253751 0.003751 0.064960664 116.9292 
 
0.590918367 0.399918367 0.253654 0.003654 0.064109235 115.3966 
 
0.590918367 0.399918367 0.253654 0.003654 0.063541437 114.3746 
 
0.590714286 0.399714286 0.253589 0.003589 0.062405693 112.3302 
 
0.590510204 0.399510204 0.253525 0.003525 0.061269656 110.2854 
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0.590306122 0.399306122 0.25346 0.00346 0.060133332 108.24 
 
0.590102041 0.399102041 0.253395 0.003395 0.058996717 106.1941 
 
0.589897959 0.398897959 0.25333 0.00333 0.058144091 104.6594 
 
0.589795918 0.398795918 0.253298 0.003298 0.057291249 103.1242 
 
0.589591837 0.398591837 0.253233 0.003233 0.056438298 101.5889 
 
0.589489796 0.398489796 0.253201 0.003201 0.055585125 100.0532 
 
0.589285714 0.398285714 0.253136 0.003136 0.054731844 98.51732 
 
0.589183673 0.398183673 0.253104 0.003104 0.054162883 97.49319 
 
0.589081633 0.398081633 0.253071 0.003071 0.053593849 96.46893 
 
0.588979592 0.397979592 0.253039 0.003039 0.053309312 95.95676 
 
0.588979592 0.397979592 0.253039 0.003039 0.05274013 94.93223 
 
0.58877551 0.39777551 0.252974 0.002974 0.052170947 93.90771 
 
0.58877551 0.39777551 0.252974 0.002974 0.050747355 91.34524 
 
0.588265306 0.397265306 0.252811 0.002811 0.048469169 87.2445 
 
0.587959184 0.396959184 0.252714 0.002714 0.047329637 85.19335 
 
0.587857143 0.396857143 0.252682 0.002682 0.046189662 83.14139 
 
0.58755102 0.39655102 0.252584 0.002584 0.045049544 81.08918 
 
0.58744898 0.39644898 0.252552 0.002552 0.043908986 79.03618 
 
0.587142857 0.396142857 0.252454 0.002454 0.042768278 76.9829 
 
0.587040816 0.396040816 0.252422 0.002422 0.041341753 74.41516 
 
0.586632653 0.395632653 0.252291 0.002291 0.039629591 71.33326 
 
0.586428571 0.395428571 0.252226 0.002226 0.037916546 68.24978 
 
0.586020408 0.395020408 0.252096 0.002096 0.036488732 65.67972 
 
0.585918367 0.394918367 0.252064 0.002064 0.033916674 61.05001 
 
0.585102041 0.394102041 0.251803 0.001803 0.031630254 56.93446 
 
0.585102041 0.394102041 0.251803 0.001803 0.031630254 56.93446 
 
0.585102041 0.394102041 0.251803 0.001803 0.031058277 55.9049 
 
0.584897959 0.393897959 0.251738 0.001738 0.030200257 54.36046 
 
0.584795918 0.393795918 0.251705 0.001705 0.029342017 52.81563 
 
0.584591837 0.393591837 0.25164 0.00164 0.028197474 50.75545 
 
0.584387755 0.393387755 0.251575 0.001575 0.027338897 49.21002 
 
0.584285714 0.393285714 0.251542 0.001542 0.025334515 45.60213 
 
0.583673469 0.392673469 0.251346 0.001346 0.022470183 40.44633 
 
0.583265306 0.392265306 0.251215 0.001215 0.021324004 38.38321 
 
0.583265306 0.392265306 0.251215 0.001215 0.021037366 37.86726 
 
0.583163265 0.392163265 0.251183 0.001183 0.020464052 36.83529 
 
0.583061224 0.392061224 0.25115 0.00115 0.020177376 36.31928 
 
0.583061224 0.392061224 0.25115 0.00115 0.019890665 35.8032 
 
0.582959184 0.391959184 0.251117 0.001117 0.019603955 35.28712 
 
0.582959184 0.391959184 0.251117 0.001117 0.017882895 32.18921 
 
0.582346939 0.391346939 0.250921 0.000921 0.016161834 29.0913 
 
0.582346939 0.391346939 0.250921 0.000921 0.015013714 27.02468 
 
0.581938776 0.390938776 0.25079 0.00079 0.013865593 24.95807 
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0.581938776 0.390938776 0.25079 0.00079 0.013578469 24.44124 
 
0.581836735 0.390836735 0.250758 0.000758 0.013291344 23.92442 
 
0.581836735 0.390836735 0.250758 0.000758 0.012716983 22.89057 
 
0.581632653 0.390632653 0.250692 0.000692 0.0112808 20.30544 
 
0.581326531 0.390326531 0.250594 0.000594 0.01041898 18.75416 
 
0.581326531 0.390326531 0.250594 0.000594 0.009844243 17.71964 
 
0.581122449 0.390122449 0.250528 0.000528 0.008982081 16.16775 
 
0.581020408 0.390020408 0.250496 0.000496 0.008407194 15.13295 
 
0.580918367 0.389918367 0.250463 0.000463 0.008119732 14.61552 
 
0.580918367 0.389918367 0.250463 0.000463 0.007832234 14.09802 
 
0.580816327 0.389816327 0.25043 0.00043 0.0072572 13.06296 
 
0.580714286 0.389714286 0.250397 0.000397 0.006106823 10.99228 
 
0.580408163 0.389408163 0.250299 0.000299 0.004380809 7.885456 
 
0.580102041 0.389102041 0.250201 0.000201 0.002941993 5.295588 
 
0.579897959 0.388897959 0.250135 0.000135 0.001790563 3.223014 
 
0.579693878 0.388693878 0.250069 6.92E-05 0.001214775 2.186594 
 
0.579693878 0.388693878 0.250069 6.92E-05 0.000607387 1.093297 
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